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SUMMARY 
This thesis reports an investigation of transient 
boiling of subcooled water at atmospheric pressure using thin 
nickel films simultaneously as heaters and resistance ther-
mometers. High-speed instrumentation was used to record film 
currents and voltages, and from these data instantaneous val-
ues of film temperature and heat generation rate were calcu-
lated. 
Previous research by others had demonstrated that thin 
metal films could be useful in studies of heat transfer to 
liquids. The electrical resistance of thin films can be made 
high enough to give substantial power dissipation with cur-
rents that are easily manageable in the laboratory. However, 
thin films have extremely small masses and negligible effec-
tive heat capacities, so that they respond very rapidly to 
changes in power level. They must be deposited on substrates 
because they do not have sufficient mechanical strength to be 
self supporting. These characteristics indicate the use of 
high speed instrumentation in thin film heat transfer studies 
to permit adequate observation of the heat transfer parameters 
associated with metal films. 
The purpose of this investigation was the adaptation 
of high-speed data recording techniques to the study of boil-
ing heat transfer from thin metal films, and exploration of 
xii 
the behavior of metal films used in this manner. Pool boil-
ing in subcooled water was investigated because experimental 
data are available in the literature for comparison. The 
heat transfer test elements were thin nickel films (1500 to 
o 
2500 A thick) deposited on polished clear fused quartz slides 
one inch wide and three inches long. Electrical connections 
to the film were made by fired conductive paints applied to 
the substrates and soldered copper connection blockso Nickel 
films were deposited by vacuum evaporation and calibrated as 
resistance thermometers 0 
Test sections were immersed in distilled water and the 
power level was increased until burnout occurred. Test dura-
tion ranged from 0.67 to 23*15 seconds«. Film voltage and 
current were recorded by a high-speed tape recorder, and 
played back into a dual-beam oscilloscope at l/200th of the 
recording speed. Photographs of the oscilloscope traces were 
made on 35 millimeter film and electrical parameters were 
read from the photographs., Then instantaneous temperatures 
and heat-generation rates in the metal film were determined• 
A technique was devised for estimating heat flux to 
the substrates, which accounted for a significant fraction of 
the energy dissipated in the film. 
Heat-flux curves were plotted and the tests grouped 
into four types, depending on experimental conditions. Films 
were heated with direct current, 60 cycle per second alter-
nating current, and half-wave rectified direct current. 
xiii 
Typical transient boiling phenomena were observed but 
maximum apparent burnout heat fluxes were 500,000 to 600,000 
2 
Btu/hr-ft , much lower than those reported in the literature 
for conventional systems in subcooled boiling. 
Metal film temperatures were observed to fluctuate 
during individual power pulses when ac and half-wave dc heat-
ing were used. Although its thermal conductivity is much 
lower than that of a metal, the substrate strongly damps the 
film temperature's fluctuation. A mathematical description 
of this fluctuation with ac heating was developed. 
A study of film thickness uniformity by an x-ray fluo-
rescence technique is described. The thickness of evaporated 
nickel films varied considerably over the substrate surface. 
This variation in thickness was caused by the tendency of 
nickel to alloy with refractory metal filaments when it is 
evaporated in vacuo, leading to uneven deposit!on. 
The results of this investigation indicate that heat 
transfer studies are practical using thin metal films simul-
taneously as heaters and thermometers with data recorded by 
high-speed instrumentation. The most significant experimen-
tal problem was determination of film temperature. A metal 
film for this application should have uniform thickness and 




The advance of modern technology has resulted in stead-
ily increasing interest in heat transfer in boiling of liquids. 
Although this process has been in common use for hundreds of 
years, it is still not understood well enough to permit accu-
rate prediction of system performance under the severe condi-
tions imposed in many modern applications. 
Several years ago Fleming (l) used thin gold films 
simultaneously as resistance thermometers and heaters in the 
study of heat transfer to water in swirling flow. He sug-
gested that high-speed instrumentation for data recording 
would greatly improve the investigator's ability to measure 
heat transfer parameters. His investigation raised questions 
concerning the behavior of thin metal films in studies of 
this kind, in particular how the film temperature varied with 
time during alternating current (ac) heating. Since the heat 
capacity of a thin (1000 to 2000 X thick) film is negligible 
in comparison to other parts of the system, its temperature 
can respond very quickly to changes in energy input. The few 
investigators who had used metal films for temperature meas-
urement assumed no thermal interaction with their insulating 
substrates. This led to the conclusion that film temperatures 
2 
could vary with cycling power inputs. Several related ques-
tions concerning the behavior of thin metal films in heat 
transfer to water were considered worthy of study: What is 
the magnitude of the temperature fluctuation with cycling 
power input? Does this fluctuation lead to increase in heat 
flux at a particular average film temperature? Do the pecul-
iar characteristics of thin films cause increase or decrease 
in the maximum boiling heat flux? 
The present investigation describes the application 
of high-speed instrumentation to thin film heat transfer 
studies. Pool boiling in subcooled water was investigated 
because it is a relatively simple system and experimental 
data, though rather sparse, are available in the literature 
for comparison. 
Historical Background 
The first study of boiling to include detailed and 
quantitative data is considered to be that published in 1756 
by Johann Gottlob Leidenfrost, a German physician. His work, 
A Tract About Some Qualities of Common Water, has recently 
been translated from the original Latin (2) and includes ob-
servations on the boiling of small liquid masses on a hot 
surface. Leidenfrost•s data permit rough calculations of 
heat transfer rates. 
Recent research on the phenomena of boiling began in 
the 1920's when Mosciki and Broder made studies of electri-
3 
cally heated wires in cool water and heated water., They 
found that "subcooled" boiling results in greater heat fluxes 
than can be obtained with the liquid at its boiling point. 
While studying boiling of water at 212°F on a submerged elec-
trically heated platinum wire, Nukiyama observed that the 
heat flux increased steadily with wire temperature until the 
wire reached about 300°F. Then the wire temperature jumped 
suddenly to about 1800°F. Further increase in temperature 
resulted in a smooth increase in heat flux« His experiments 
led to the "boiling curve" which is discussed below. These 
and other advances up to the early 1960's are described in 
excellent reviews of boiling by McAdams (3)» Jakob (M(5)> 
Kreith (6), Westwater (?)(8), and Rohsenow (9), 
The boiling curve is of such fundamental importance 
to the understanding of boiling phenomena that it will be 
described briefly here,, Farber and Scorah (10) published a 
study of water boiling at its saturation temperature (boiling 
point) on horizontal electrically heated wires, in which they 
were able to observe heat transfer characteristics in the 
several boiling regimes. Their data at atmospheric pressure 
for a typical test wire are shown in Figure 1. This process, 
when there is no external agitation and the liquid is at its 
saturation temperature, is usually called pool boiling. 
For small differences in temperature between the wire 
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Figure 1. Typical Boiling Curve for Heat Transfer from Wire 
to Saturated Water at Atmospheric Pressure, 
5 
vection. Evaporation occurs at the liquid-vapor (liquid-
air) interface and an upward current of superheated liquid 
is established. 
As the temperature difference is increased above about 
^°F in "pool boiling" experiments, molecules of water begin 
to form bubbles at favored spots on the metal surface. At 
first the bubbles are unstable and collapse before reaching 
the liquid-vapor interface, but as the temperature difference 
is increased above about 11°F the bubbles become more numer-
ous and larger until they finally rise to the free surface. 
This is the nucleate boiling regime, which exists until the 
temperature difference reaches about 65°F, for boiling water 
at atmospheric pressure. This regime derives its name from 
the tendency of bubbles to originate at favored spots, or 
nuclei, on the heating surface *. In the nucleate regime 
the heat flux increases very rapidly with increasing temper-
ature of the heating surface; partly because of the intense 
turbulence caused by moving bubbles and partly because the 
bubbles transport their latent heat from the heating surface 
* Jakob (11) shows that bubbles cannot form spontane-
ously in a saturated liquid. This would require the latent 
heat of vaporization to be taken from the surrounding medi-
um which would become cooler, a violation of the second law 
of thermodynamics. Further, he and others found that in 
boiling water the bubble vapor is exactly at saturation tem-
perature, and the liquid at a higher temperature. In prac-
tical systems nuclei consist of foreign particles or pockets 
of dissolved gas. 
6 
and the superheated liquid adjacent to the surface. 
At the boiling curve's maximum, bubbling is so vig-
orous that the heating surface is largely covered with 
vapor. An unstable steam film forms and provides a high 
resistance to heat flow. The result is a reduction of heat 
flux with increasing temperature, until the temperature 
difference is about ^00°F. This is called the transition 
region from nucleate to stable film boiling. 
Prom about 400 to 1000°F—the film boiling region—a 
stable vapor film covers the heating surface and large bub-
bles separate from the film and float away. Since the ther-
mal conductivity of vapor is much lower than that of the 
liquid, the heating surface is effectively insulated and 
very high temperature differences are found. 
When the temperature differences exceeds 1000°F, heat 
transfer by radiation becomes Important, and heat flux again 
increases with temperature. 
"Subcooled boilingw or "surface boiling" occurs when 
the bulk temperature of the liquid is below the boiling point 
but the temperature of the heating surface and liquid layer 
adjacent to it are above the boiling point. Bubbles form in 
the superheated layer and behave much the same as in saturated 
boiling, except that they condense in the cold liquid. In 
subcooled boiling bubbles Increase in number while their size 
and average lifetimes decrease, as compared with saturated 
7 
boiling. The extremely high bubble population causes vigorous 
agitation near the heating surface, and contributes to higher 
peak heat fluxes than can be attained in saturated boiling. 
The primary variables controlling boiling phonemena 
are the surface condition and the temperature of the liquid 
layer adjacent to the heating surface. In the nucleate boil-
ing regime, variation of the liquid layer temperature is rel-
atively small over a wide range of heat fluxes, irrespective 
of the fluid bulk temperature. For design purposes, the con-
ventional heat transfer coefficient, based on the temperature 
difference between the bulk fluid and the heating surface, is 
only of secondary interest compared to the maximum heat flux 
obtainable in nucleate boiling and the surface temperature at 
which boiling begins. 
From the boiling curve one can easily see a major reason 
for the intense interest in boiling during the last few years. 
Heat release of ̂ 0,000 to 50,000 Btu/hr-ft2 is considered 
high in an ordinary boiler, but the introduction of more so-
phisticated equipment such as nuclear reactors and rockets 
has placed greater demand on heat removal systems. A char-
acteristic common to the newer equipment is that the rate of 
heat generation is essentially constant; if the heat flux 
passes beyond the nucleate boiling maximum, the heat trans-
fer surface temperature will rise sharply and catastrophic 
melting or "burnout" will occur. 
Nucleate boiling is receiving most of the current 
8 
research effort, because it offers the promise of attaining 
very high heat fluxes if systems can be operated near the peak 
heat flux and burnout prevented. Because of the high temper-
ature differences required in film boiling there is little 
commercial interest in this boiling regime, except in the area 
of quenching of solids at high temperature. 
The use of electrical systems to simulate operating 
conditions in boiling research has been common practice for 
many years. Early investigators usually employed wires as 
heating elements., McAdams (12) found that the diameter of 
heating wires used in boiling studies could influence the re-
sults, but correlations of boiling data have generally ignored 
this effect (13 )• Investigators of boiling have used resist-
ance heated tubes, wires, plates, and ribbons to provide de-
sired geometrical conditions. The low electrical resistance 
of metals often demands the use of very high current power 
supplies to obtain the required levels of heat flux, with 
accompanying experimental difficulties and high cost. 
In 1955 and 1956 Winding and coworkers (l4)(15) sug-
gested the use of thin metal films as resistance thermometers 
and heaters. This technique offered the advantages of heat 
transfer surfaces with significant surface area and high elec-
trical resistance, so that large amounts of power could be 
dissipated with relatively low currents. Fleming (l) demon-
strated the utility of thin metal films for research on heat 
9 
transfer to water and found that high-speed instrumentation 
would greatly facilitate experimental measurements. The meth-
od apparently has not been widely adopted by other investi-
gators. Kirby and Westwater (16) studied bubble and vapor 
behavior in nucleate boiling on a horizontal glass plate heat-
ed by a thin conductive coating on its surface. The plate 
was photographed from below; its unidentified conductive coat-
ing could not be used as a resistance thermometer, because 
its resistance did not appear to be a function of temperature. 
Purpose of This Research 
This investigation was designed to adapt high-speed 
instrumentation techniques to the study of boiling heat trans-
fer from thin metal films and to explore in some detail the 
behavior of thin metal films used for this purpose. 
The significance of the extremely low heat capacity of 
thin metal films was of special interest. The expectation 
that film temperature might vary with cycling power input of-
fered the possibility that unusual boiling phenomena might 
be observed. With the equipment available for this study, 
phase relationships among applied voltage, current, temper-
ature, and heat flux could be measured. 
Since Fleming's work dealt with heat transfer in 
swirling flow—a system not extensively explored—comparison 
of his results with those of other investigators was diffi-
cult, Subcooled pool boiling was chosen for the present study 
10 
to permit comparison with results of other investigations, 
thereby establishing whether heat transfer data from thin films 
is representative of that from other metal surfaces. 
The film's relatively large area and the experimental 
system's ability to change power level rapidly suggested that 
transient studies in pool boiling would be a promising area 
of investigation., Johnson et al. (17) have published a study 
of transient pool boiling undertaken for the purpose of inves-
tigating the behavior of a nuclear reactor during a power ex-
cursion. This latter work, performed with metal ribbon heating 




Thin metal films have been used for a wide variety of 
purposes ranging from the decoration of inexpensive parts to 
the preparation of reflective surfaces in optics and the man-
ufacture of electronic circuit components. Holland (IB) has 
reviewed the uses and technology of thin films. 
As mentioned earlier, Winding and coworkers studied 
the use of thin films as resistance thermometers (1*0(15)-
The negligible heat capacity associated with films led these 
investigators to suggest their use in measuring temperature 
transients. Several investigations have employed thin-film, 
resistance thermometers in shock-tube experiments to measure 
11 
detonation velocities and shock and flame velocities (19) (20). 
Thin-film thermometers have been used in measurements of aer-
odynamic heating (21) and heat transfer coefficients for con-
densing films (l̂ )o Electrical pulsing techniques have been 
developed for calibration of thin-film thermometers (22) (23). 
Simpson and Winding (15), and Belser and Hicklin (24) 
have investigated the characteristics of films of a number of 
metals. Their data suggest that nickel has the most desirable 
combination of properties for a study of this kind* high posi-
tive temperature coefficient of resistance, stability as a re-
sistance thermometer, and suitability for use in water. For 
these reasons nickel films were chosen for this investigation. 
Evaporated metal films show a permanent change in re-
sistance when heated to a temperature above the highest in 
their history. This characteristic is due to annealing of the 
highly strained metal structure obtained by vacuum evaporation 
(2k), Stable thermometric calibrations can be obtained by de-
positing on a heated substrate or annealing the film before 
calibration. 
Subcooled Boiling 
Heat transfer by subcooled, or surface, boiling has 
been studied by many investigators for a variety of experimen-
tal conditions. This area of investigation should be distin-
guished from nucleate boiling, in which the liquid is at its 
saturation temperature, and which has received even more exper-
imental and theoretical attention than subcooled boiling. 
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Gunther and Kreith (25) studied subcooled pool boiling 
from a heated metal strip at atmospheric pressure. They found 
that heat flux versus temperature data for subcooled boiling 
were somewhat different from data for nucleate boiling: the 
slope of the curve was steeper, and the burnout heat flux much 
higher. The temperature of the heating surface was not a func-
tion of subcooling and approached a limit of 280°F at high heat 
fluxes. The important characteristics of the bubbles formed 
were their small size, large numbers and rapid collapse. They 
observed that the rapid growth and collapse of small bubbles 
in subcooled water causes strong convection near the hot sur-
face. 
Kreith, Summerfield, and Gunther (26)(2?) published two 
papers describing experiments in which they found that the wall 
temperature during forced convection subcooled boiling is sen-
sitive only to fluid conditions adjacent to the heating surface 
(fluid properties and pressure) and relatively insensitive to 
fluid velocity, heat flux and bulk temperature. The burnout 
heat flux increased as subcooling of the liquid increased, but 
the critical wall temperature at burnout was not a function of 
subcooling. The temperature difference corresponding to driv-
ing force in heat transfer by surface boiling was found to be 
^wall ~ ̂ saturation* With increasing heat flux, bubble size 
and lifetime decreased moderately, whereas bubble population 
and bubble coverage of the heating surface increased. Decrease 
13 
in liquid temperature (increase in subcooling) caused bubble 
size and lifetime to decrease sharply, and bubble population 
to increase. 
McAdams and coworkers (28) obtained results substan-
tially in agreement with the above; they found, for example, 
that boiling and burnout heat fluxes were very weak functions 
of pressure in the range 30 to 90 psia. The idea that 
Twall " "̂ saturation i s t h e driving force in subcooled boiling 
was reinforced by these investigators' correlation of a large 
collection of data with the temperature difference defined in 
this way. 
Rohsenow and Clark (29) studied photographs by McAdams 
and concluded that latent heat transport by bubbles is negli-
gible compared with convection caused by their growth and 
collapse. 
This latter conclusion, also reached by Gunther and 
Kreith (25), has been disputed by Moore and Mesler (30), 
Bankoff (31), Gaertner (32), and others (33)• Bankoff esti-
mates that several bubble volumes of steam flow through a 
bubble during its lifetime, vapor being formed at the hot 
surface and simultaneously condensing at the cool surface. 
Many investigators have proposed semi-theoretical cor-
relations of boiling data based on various mechanisms (13) 
(3^-39 )• Gaertner (32) points out that several "regions", 
or discrete mechanisms, are observed in nucleate boiling 
14 
(discrete bubble region, transition from discrete bubbles to 
vapor columns and mushrooms, vapor column and mushroom region) 
and any overall correlation based on a single region must be 
in serious error. This conclusion applies, in principle, to 
subcooled boiling as well. 
Bankoff (40) proposed a "sequential rate process" to 
account for the mechanism of subcooled nucleate boiling. His 
work is an important contribution toward understanding the 
process, but it is not useful for design purposes since the 
expressions involve local bubble parameters. Most of the pre-
vious mechanism concepts can be incorporated in Bankoff*s 
model. 
Bergles and Rohsenow (4l) noted that no general corre-
lation of boiling data is presently possible because of the 
unpredictable influence of fluid and surface conditions. 
However, an empirical equation 
£ = C(Twall - T s at)
n 
expresses the data of many investigators. The constant n 
is in the vicinity of four for most surfaces and C depends 
on the pressure and fluid-surface combination. The degree 
of subcooling affects pool boiling far more strongly than 
forced convection boiling, so that it is generally not pos-
sible to predict subcooled pool boiling from forced convec-
tion boiling data. At higher heat fluxes, however, the rela-
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tive importance of bulk liquid flow compared to bubble agi-
tation decreases, and forced convection and pool boiling data 
for similar fluid and surface combinations agree quite well, 
Heat transfer data in the literature on subcooled pool 
boiling are not as plentiful as might be expected. Gunther 
and Kreith (25) > Bergles and Rohsenow (4l), Duke and Schrock 
(42), and Grassmann and Hauser (43) have given steady-state 
experimental data. Rosenthal (44), Johnson, et al. (17), and 
Lurie and Johnson (45) have studied transient pool boiling of 
water at atmospheric pressure. 
Numerous attempts have been made to predict burnout 
heat flux as a function of fluid properties, system geometry, 
flow conditions, pressure and subcooling. These are dis-
cussed in extensive reviews by Rohsenow (9) and Bernath (46). 
Rohsenow (47) presents a graph of burnout heat flux 
for water at atmospheric pressure as a function of subcooling 
and liquid velocity. The curve at zero velocity (pool boiling) 
is extrapolated by a theoretical relation from forced convec-
tion boiling data. Kreith (48) presents a similar plot from 
data by Ellion. Gunther and Kreith (25) show burnout fluxes 
for subcooled pool boiling; their results, however, are uncer-
tain in the range of subcooling covered by the present study, 
Zuber, Tribus and Westwater (49) developed theoretically 
a relation to predict burnout heat fluxes from fluid properties 
alone. Bernath (46) published an empirical correlation based 
on hydraulic diameters. 
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CHAPTER II 
INSTRUMENTATION AND EQUIPMENT 
One of the major objectives of this study was the adap-
tation of high-speed instrumentation to heat transfer studies. 
A tape recorder capable of recording electrical signals at a 
tape speed of 60 inches per second and playing back the sig-
nals at 0.3 inches per second was available for this purpose, 
The data were thereby played back at l/200th of the original 
speed, greatly facilitating observation and subsequent calcu-
lation. Since this basic equipment was already in existence, 
the experimental system was necessarily set up to be compat-
ible with it. 
Data Recording System 
The tape recorder, built by Minneapolis-Honeywell and 
pictured in Figure 2, consisted of a tape transport mechanism, 
two frequency modulated (fm) recording oscillators, two fm 
signal discriminators, a signal attenuator and a signal pream-
plifier, A brief outline of the operation of the instrument 
is necessary to understand its uses and limitations. 
A schematic diagram of the data recording system is 
shown in Figure 3» The two recording oscillators, one for 
each of two channels of information recorded simultaneously, 
1? 
I 













From Power Supply 
Figure 3» Schematic Diagram of Data Recording System. 
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generated a "center frequency" of 5^ kilocycles per second 
when no signals were applied to their input terminals. The 
information to be recorded was applied to an oscillator in 
the form of a voltage, the maximum recordable signal being 
1.2 volts. An applied positive voltage of 1.2 volts caused 
the oscillator output frequency to be reduced by kO per cent, 
and conversely, the same negative voltage gave a ̂ 0 per cent 
increase in frequency. The oscillator output frequency, 
impressed on the magnetic tape, deviated from the center 
frequency by an amount proportional to the voltage applied 
to the input of the recording oscillator. 
Since a maximum of 1.2 volts could be applied to the 
oscillators, a signal attenuator, consisting of a rotary switch 
and a set of precision resistors, was required for the channel 
used to record voltage across the heat transfer film. The 
resistors were arranged in a simple voltage divider circuit, 
so that 5~> 10-, 25-, 50-, or 100-volt inputs could be select-
ed. A 200-volt input step was later added. 
It had been anticipated that currents would be measured 
by recording the voltage drop across a standard shunt resistor 
in series with the heating element load. Shunt resistors of 
this type are ordinarily chosen to have low voltage drops, 50 
millivolts or so. For this reason a preamplifier was supplied 
for the current channel of the tape recording system to ampli-
fy the shunt voltage to a recordable level. Difficulties were 
experienced with the amplifier, and a high resistance shunt 
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(0.02 ohms) was installed instead. This shunt was connected 
directly to the recording oscillator for the current channel 
and the preamplifier was no longer used. 
As stated earlier, when the recorded data were played 
back the tape was run at l/200th of the recording speed. The 
center frequency of the playback signal from the tape trans-
port was therefore 270 cycles per second, and this was sent 
to the fm signal discriminators. These units, one for each 
channel, converted the tape signal to a voltage proportional 
to the deviation from the center frequency. Thus the output 
from the discriminators, which might more accurately be call-
ed demodulators, was proportional to the original signal. 
Without modification to either the oscillators or dis-
criminators, only one combination of record and playback speed 
was possible. The ratio of these speeds was fixed by the ratio 
of center frequencies. This modification could have been ac-
complished easily by changing plug-in component assemblies in 
the oscillators or discriminators. The required assemblies 
were available from the equipment manufacturer, and the tape 
transport was already capable of operating at several tape 
speeds. 
The discriminator output was a voltage which required 
conversion to a graphical display before processing of the 
data was possible. A Tektronix, Model 502, dual-beam oscillo-
scope was used for this purpose. Its scanning rate was set 
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so that about two seconds were required for the two spots to 
pass across the screen, giving ample time to photograph them 
without special equipment. 
A Tektronix camera was available for photographing the 
screen on Polaroid, Type ^7, roll film or on conventional four 
inch by five inch cut film. Because a large number of photo-
graphs were required for this study (up to 80 for a single 
experimental run) it was found far more convenient to record 
data graphically with a 35 mm camera. A Kodak Retinette cam-
era with a plus 3 close-up lens was used for this. The camera 
was mounted on a tripod and focused with a piece of ground 
glass held at the film plane. Then a masonite template was 
cut to position the camera for each set of photographs and the 
same settings were used for each test. A cable release was 
needed to prevent camera motion during the long exposures and 
the lens was stopped down to fs8 to assure good depth of field, 
A slow film, Kodak Panatomic-X, gave proper exposures with the 
oscilloscope's spot and grid intensity set at normal viewing 
levels. The room was darkened during photographic exposures. 
Figure k shows typical recordings of alternating and direct 
current and voltage traces, 
In view of the data recording system complexity, direct 
calibration was necessary for each test. The potentiometer 
taps, marked A and B in Figure 3» and a standard voltage cell 







Figure k. Typical Recordings of Direct and Alternating 
Currents and Voltages. 
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Power Supply 
It was estimated that an adjustable source of about 100 
amperes at 100 volts ac and a comparible source of direct cur-
rent (dc) would be required for the heat transfer studies. 
Variable transformers were chosen as the most suitable method 
of meeting the ac requirements in order to avoid the sine-wave 
distortion characteristic of operation with a saturable core 
reactor. Since full-wave rectified dc is equivalent to ac in 
a resistive circuit, the dc power had to be smoother than full-
wave or there would be no advantage in using it. Electrical 
filters perform well only under constant loads, and batteries 
or motor-generator sets seemed an awkward way to supply dc be-
cause these sources are expensive, bulky, and difficult to con-
trol. A three-phase rectifier bridge was selected as the best 
compromise between smoothness and simplicity. 
The power supply was capable of furnishing ample elec-
trical energy for heat transfer experiments of this kind, in 
several different modes of operation. Three-phase rectified 
dc, single-phase ac, and half-wave rectified dc were used in 
these experiments. It would have been possible to supply 
three-phase ac and full-wave rectified dc as well, had the ex-
periments called for these types of power. 
Three-Phase Rectified Direct Current 
Figure 5 shows a schematic of the power supply connec-
tion for three-phase rectified current. The power was fed 
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230 Volt AC, 3 Phase 
Figure 5. Power Supply Connection and Voltage Waveform for 
Three-Phase Rectified Direct Current, 
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from a master switch to a Superior Electric Company "Powerstat" 
variable transformer assembly, Model II56D-6Y. This is a stack 
of six transformers, one on top of another, with a common con-
trol shaft and manual control wheel. Two transformers and a 
load matching device are connected to each of the three power 
legs in a three-phase wye connection. Nominal maximum output 
of this unit is 230 volts, 90 amperes. 
The transformer output was fed to a bridge rectifier 
composed of six 100-ampere Sarkes-Tarzian silicon rectifiers, 
mounted on l/2-inch aluminum plate heat sinks and installed 
in a box with a small electric blower for cooling. Direct 
current from the bridge was fed to the heat transfer film and 
measuring shunts as shown in Figure 3» The rectifier bridge 
could supply about 100 amperes at 1̂ 0 volts without exceeding 
current and peak inverse voltage ratings of the rectifiers. 
The ripple frequency in a three-phase bridge rectifier is six 
times the supply frequency and the output voltage does not 
become zero during any portion of the cycle as with single-
phase rectifiers. The output voltage as a function of time 
is shown as a heavy line in the lower part of Figure 5« 
Single-Phase Alternating Current 
The connection of the power supply for single-phase 
current is shown in the upper part of Figure 6. The fuse in 
one leg of the transformer supply was removed, and power was 





Figure 6. Power Supply Connections for Single-Phase Alter-
nating Current and Half-Wave Direct Current, 
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Half-Wave Rectified Direct Current 
The connection of the power supply for half-wave recti-
fied current is shown in the lower part of Figure 6. Only one 
leg of the power supply and one rectifier were employed. The 
return leg was grounded. 
Film Calibration Equipment 
The equipment used to calibrate heat transfer films as 
resistance thermometers is shown in Figure 7» Films were de-
posited on one inch by three inch quartz microscope slides 
and copper connection blocks were soldered to the ends of the 
slides. For calibration, the film assembly was supported on 
a brass stand and placed in a furnace enclosed under a vacuum 
bell jar. 
The furnace was made of fused-sillca foam and heated 
by 0.040-inch Kanthal A-l resistance wire wrapped around 1/4-
inch diameter by four-inch long alumina rods. There were 
eight heating rods, standing vertical and equally spaced a-
round the perimeter of the furnace chamber. Furnace heating 
current was supplied by a three kilovolt-ampere variable 
transformer and the temperature was controlled by a Wheelco 
temperature controller operating a relay in the transformer 
power line. By proper adjustment of the furnace voltage, 
temperature fluctuations caused by cycling of the controller 
could be kept very small. 
The film resistance was measured by a Honeywell 
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Figure ?. Film Thermal Calibration Apparatus. 
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Wheatstone bridge; its temperature was determined by two plat-
inum: platinum-13% rhodium thermocouples, the output voltage of 
which was read from a Honeywell Rubicon potentiometer. 
Calibration was carried out at a pressure of about 0.05 
Torr to reduce the danger of film oxidation. Thermometric 
calibration required about eight hours, and the temperature 
reached a maximum of about 450 F during this period. The ther-
mal calibration procedure is described in Chapter III. 
Miscellaneous Equipment 
Nickel heat transfer films were prepared by vacuum evap-
oration of nickel from 0.020-inch diameter tungsten wire fila-
ments onto clear fused quartz substrates. Satisfactory films 
could be made only after nickel had been electroplated onto 
the tungsten filament. 
A photograph of the vacuum deposition vessel and details 
of the fixtures are shown in Figure 8. The vacuum vessel was 
a six inch diameter by six inch long section of Pyrex pipe. 
It was closed at one end by the base plate and pumps and at 
the opposite end by a brass plate on which two Conax vacuum 
feed-throughs were mounted. The nickel-plated tungsten fila-
ment was supported by the feed-throughs, and arranged in the 
configuration shown to minimize sagging caused by thermal ex-
pansion. 
The quartz substrate rested on a substrate heater made 
of copper and nickel. The heater temperature was controlled 
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Electroplated Nickel on 
Tungsten Filament 
Substrate with Conductive Material on Ends 
Figure 8. Vacuum Deposition Vessel and Detail of Deposition 
Fixtures. 
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by a thermocouple leading to a temperature controller, vari-
able transformer, and relay arrangement similar to that used 
for the film calibration furnace. Heat was supplied by an 
electrical heater of tungsten wire supported by alumina rods. 
It was necessary to exclude high vapor pressure metals, such 
as zinc, from the heater assembly to prevent unwanted depo-
sition of these metals within the vacuum vessel. 
The vacuum system was evacuated by a two-inch, National 
Research Corporation water-cooled diffusion pump, backed by a 
two-stage mechanical pump. Pressure was determined with a 
thermocouple gauge and a Penning-type discharge gauge. 
Figure 9 shows an overall view of the vacuum evapora-
tion vessel, power supply transformers, rectifiers, and a heat 
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The maximum duration of the experiments in this study 
was less than one-half minute, but a considerable expenditure 
of time was required to complete the preparation, execution, 
and data reduction for each experiment. The techniques of 
employing thin metal films involve art as well as science, 
and each investigator must develop methods that work for his 
particular application. In this chapter the experimental 
processing of a heat transfer film is described, but it should 
be understood that the procedure finally selected was the re-
sult of an evolution of technique. In planning an experimen-
tal program which employs other than conventional methods, it 
is impossible to anticipate every difficulty. The several 
steps described here were chosen to meet the requirements of 
this study, but future related studies are certain to demand 
their own modifications. 
Production of Heat Transfer Films 
One of the reasons for employing thin metal films in 
heat transfer studies is that their electrical resistance can 
be made high enough to give substantial power dissipation with 
easily manageable currents while affording large surface areas. 
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However, films with these properties are too thin to support 
themselves during handling and need a substrate for support. 
The substrates for this study were required to be electrical 
non-conductors, capable of immersion in water without damage, 
capable of withstanding the thermal shock of rapid temperature 
transients, and compatible with the vacuum film deposition 
system. Since thin metal deposits follow the contours of the 
supporting surface, smooth substrate surfaces were desired. 
Crown glass substrates were tried, but proved unable 
to stand the thermal shock imposed by the heat transfer exper-
iments. Clear, polished, fused-quartz, microscope slides, one 
inch by three inches by one-eighth inch thick, were then chosen 
for substrates. Figure 10 shows an exploded view of a heat 
transfer film assembly. 
A method for making low resistance contacts to the nick-
el film was necessary. A strongly adhering, thin, gold film 
could be formed on the ends of the slides with Hanovia Liquid 
Bright Gold, No. 515^ > a gold resin material used in the ceram-
ics industry for decorating china and similar purposes. The 
gold resin was applied by painting onto the substrate and allow-
ed to dry at room temperature. After drying, the piece was 
fired to about 1200 P in air to burn out the organic material 
and leave a gold film. Gold films applied in this manner gave 
satisfactory connections to the nickel films, but were too thin 











Figure 10. Exploded View of Thin Film Heat Transfer Element. 
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Hanovia Flexible Silver Coating, a material consisting 
of finely divided silver in a liquid vehicle, could be applied 
like Liquid Bright Gold and fired to give a silver film much 
thicker than the gold films. The silver films produced in this 
manner did not adhere well to glass, however. 
End connections were made by using both materials ac-
cording to the following steps: 
(1) Ends of the quartz slides were rounded and polish-
ed to prevent failure of the painted and fired contacts at 
sharp corners. 
(2) Slides were cleaned in hot aqua regia and rinsed. 
(3) Slides were brought to a boil in a solution of 
Fisher RBS-25> a laboratory detergent, and rinsed. 
(4) Slides were brought to a boil in distilled water, 
then removed while hot and dried in air. 
(5) Liquid Bright Gold was painted on the ends of the 
slides in the desired pattern. 
(6) Slides were dried 48 hours at room temperature. 
(7) Slides were fired to 1200 F for two hours in an 
electric furnace with the door partially open to admit air. 
(8) After cooling, Flexible Silver Coating was painted 
over the gold except for a thin strip of gold which was left 
for contact with the nickel film. 
(9) Slides were dried 24 hours at room temperature. 
(10) A second coat of Flexible Silver Coating was 
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applied, as in step 8. 
(11) Slides were dried 24 hours at room temperature. 
(12) Slides were fired for 72 hours, as in step 7. 
The above procedure gave sound end connections to which 
solid end blocks could be soldered after deposition of the 
nickel film. It is a lengthy operation, but shortcuts led to 
subsequent difficulties in obtaining reliable soldered connec-
tions. 
The next step in making a heat transfer film was depo-
sition of the film onto the prepared substrate. Nickel is a 
very difficult metal to deposit by vacuum evaporation, but for 
reasons listed earlier, nickel films were used. The need to 
have films with thickness as uniform as possible coupled with 
the requirement that a short source-to-substrate distance be 
used to achieve a reasonably high deposition rate, led to 
selection of an extended wire source. After the filaments 
had been cleaned with abrasive paper and bent to the desired 
shape they were electroplated with about 100 milligrams of 
nickel from a conventional sulfate plating bath, rinsed, and 
dried with compressed air. 
The nickel plated filament was installed in the deposi-
tion vessel, and a substrate was cleaned with hot detergent 
solution and rinsed. It was brought to a boil in distilled 
water, then removed while hot and dried in air. Dust parti-
cles were blown off with a gentle stream of clean compressed 
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air, and the slide was placed on the substrate heater. The 
vacuum system was closed, evacuated to about 10~5 Torr and the 
heater temperature raised to 800°F. Substrate heating served 
two purposes. First, film adherence was improved by more 
thoroughly driving off air and water vapor that had been ad-
sorbed on the substrate surface. Second, most metal films, 
including nickel, show irreversible changes in resistance on 
heating if they have been deposited on cool substrates. These 
irreversible changes are caused by recrystallization of the 
strained metal structure inherent in thin films and destroy 
a film's thermal calibration if it is heated above the maximum 
temperature in its history. Deposition on a hot substrate 
eliminated the need for thermal recrystallization before the 
film's calibration as a resistance thermometer. During this 
evacuation period the filament was outgassed several times by 
heating it to a dull red color, well below the evaporation 
temperature of nickel. 
After about an hour of outgassing, the substrate heater 
temperature was reduced to 700 F and nickel was evaporated 
from the tungsten filament. The filament current was controlled 
by a variable transformer and step-down transformer which al-
lowed the voltage to be varied from zero to sixteen volts. 
Control was too coarse when the variable transformer alone was 
employed. The behavior of nickel evaporated in this manner 
is discussed further in Chapter IV. 
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After the film had been deposited and cooled to room 
temperature, copper connection blocks were soldered to the 
ends of the substrate. Since it was desired that the film 
thermometric calibration be carried to at least ^00°F, con-
ventional lead-tin solders with melting ranges of about 350 
to 370°F were unsuitable, but the films could not be heated 
to the temperatures required to melt silver solders, A sol-
dering alloy of 5 per cent silver-95 per cent lead with melt-
ing range near 500°F was prepared and hammered into sheets 
about 0.010 inch thick. These solder leaves were cleaned 
with fine abrasive paper, fluxed lightly with a commercial 
rosin paste flux, and placed between the substrate and clean 
end block. 
Soldering was accomplished by applying heat to the 
metal blocks with a small natural gas-oxygen torch, taking 
care to avoid letting the flame touch the nickel film or 
substrate. Copper blocks were used because their high con-
ductivity facilitated melting of the solder without over-
heating the nickel film to the point of causing oxidation. 
With care, bright metallic films without pinholes or 
visible flaws could be produced by this method. The end con-
nections were capable of carrying high enough currents that 
burnout occurred on the evaporated nickel film, an obvious 
requirement for meaningful heat transfer data. The solder-
ed joints had good mechanical strength; attempts to break 
the copper blocks off the substrates often resulted in break-
l±0 
ing the quartz substrate. 
One of the most common, though qualitative, tests for 
adhesion of evaporated metal films is the "Scotch tape test". 
For this test a piece of gummed cellulose tape is pressed 
firmly onto the metal film (50). The tape is removed; some 
sources state that removal should be done rapidly, and others 
stipulate slowly. The evaporated film is then examined to 
see if metal has been removed by the tape. Failure of metal 
to be removed is an indication of good film adherence. 
The nickel films employed for this study passed the 
"Scotch tape test" with only an occasional removal of bits of 
metal. In no test was an appreciable part of the film stripped 
off if substrate heating had been used during film deposition. 
Generally, the films remained continuous and opaque, although 
a few tiny flakes of metal could be seen on the tape after 
stripping. Both rapid and slow stripping were tried, with no 
noticeable difference in results. 
Calibration of Films as Resistance Thermometers 
The final operation in the production of a heat trans-
fer test element was calibration of the film as a resistance 
thermometer. This was accomplished after the end blocks had 
been soldered in place for two reasons; electrically sound-
connections to the film would be available for resistance meas-
urements, and disturbance of the thermal calibration caused 
by soldering would be avoided. 
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For calibration a loop of stranded l4-gauge copper wire 
was fastened to each copper end block and the heat transfer 
element placed on a brass holder and positioned in the center 
of the calibration furnace. The stranded loops were clamped 
to leads connecting the Wheatstone Bridge for resistance meas-
urement. Film resistances, about two to five ohms, were within 
the range of the bridge and correction for lead resistance was 
made. 
A thermocouple was used to control furnace temperature, 
and two additional thermocouples were positioned to measure 
the film temperature. One was fastened to the brass holder 
and one connected to the center of an exposed edge of the 
substrate. 
After installation of the heat transfer element, the 
calibration furnace was covered by a glass bell jar and evacu-
ated to a pressure of about 0.05 Torr. Thermometric calibra-
tion was carried out in vacuum to reduce the danger of film 
oxidation and to reduce temperature gradients caused by con-
vection currents. 
To establish a calibration point, the furnace tempera-
ture was manipulated so that the two thermocouples measuring 
film temperature indicated identical values. The film resist-
ance was taken at this time. Calibration points were deter-
mined at several temperatures up to about ^$0 F, then at sev-
eral points as the temperature decreased. Differences between 
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these two sets of points never exceeded 5°F» To check cali-
bration permanence, this cycle was repeated for several films 
with good agreement. A typical temperature calibration plot 
is shown in Figure 11. 
Calibration of Data Recording System 
Calibration of the data recording system was accom-
plished before and after each experiment. A known voltage 
and current were recorded on a few feet of tape and these 
recordings were used to establish scale factors relating the 
photographed data to volts and amperes. Figure 12 shows a 
schematic diagram of the connections employed for calibration. 
The standard mercury reference battery was connected to the 
voltage recording channel by a switch. Current was deter-
mined by measurement of the voltage drop across a precision, 
shunt resistor. 
To record the calibration signal, a length of Kanthal 
A-l resistance heating wire was connected in place of the 
heat transfer film as shown in Figure 12. The power supply, 
wired for three-phase rectified direct current, was turned 
on and a current flow established. When the current measured 
by the potentiometer was constant, the channel recording volt-
age was switched to the standard cell for about ten seconds, 
then the recorder was stopped. 
No provision for soanning the tape signal was available, 
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Figure 12. Connections for Calibration of Data Recording 
System. 
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replay except by visual observation of waveforms. However, 
the voltage from the standard cell had no ripple and was read-
ily identifiable. When the above sequence of steps had been 
followed, the recorded current was known to correspond to the 
value determined by the potentiometer when the voltage showed 
no ripple. 
As described later, a degree of judgment was required 
to read the photographed data after replay. Recording of cal-
ibration signals before and after each test permitted the 
resolution of small errors in scale factors arising from drift 
of the equipment or errors in interpreting data. Thus when 
two calibrations were made, more confidence could be placed in 
the experimental measurements, particularly film temperatures 
which were ultimately derived from the quotient of the two 
recorded signals. 
Experimental Tests 
To conduct an experiment, the heat transfer element 
was connected as shown in Figure 3 and submerged in a one-
quart Pyrex dish filled with distilled water at room temper-
ature. With the power supply transformer turned low, the 
master switch was closed, then the tape transport started. 
The power supply voltage was increased at the desired rate 
until the heat transfer film burned out. 
After the second calibration, the tape transport was 
rewound to the beginning of the first calibration and replayed 
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without stopping while photographs of the oscilloscope screen 
were made at the desired intervals. Runs were timed during 
replay by an electric clock and the time of each photographic 
frame was calculated from the ratio of the recording and play-
back tape speeds. 
After development of the photographic film, currents 
and voltages could be read in units of length on the oscillo-
scope grid. Direct current runs were usually read from an 
image of the negative projected by a photographic enlarger. 
Power supply ripple from the three-phase bridge rectifier 
required that a measure of individual judgment be exercised 
in determining direct currents and voltages. A hairline was 
placed through the recorded trace and positioned so that areas 
defined by the trace under the line were as nearly equal as 
possible to areas above the line. The straight hairline then 
represented the average voltage or current on the photographic 
frame. 
Photographic prints of the data were made when it was 
desired that wave-forms be studied in more detail than was 
possible by projection of the negative. This was the case 
with alternating and half-wave direct current runs. Reading 
of voltages and currents at several places on the recorded 
wave of these traces quickly proved to be a tedious task and 
it was observed that the necessary data could be determined 
from peak values if the traces had a true sine-wave form.. 
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Careful measurement showed this assumption to be satisfactory 
in alternating current tests and a reasonable approximation in 
the half-wave direct current test. 
Reduction of Data to Heat Transfer Parameters 
Using the scale factors determined by calibration, film 
currents and voltages read from photographs were converted to 
engineering units: amperes and volts. Film resistance was 
calculated and temperatures were determined from the individ-
ual film thermometric calibration. The rate of heat genera-
tion in dc operation was given by the power dissipation in the 
metal film using the formula 
(j)f (; B t ^ 9 ) = 1?2.4 E(volts) I (amperes). (1 ) A hr-ft^ 
Slight modification of this formula is required for 
ac and half-wave dc operation. The power factor of the ac 
supply was measured on several days and found to range from 
0.975 to 0.995? so this was taken as unity in all calcula-
tions. Then the instantaneous ac voltage and current, re-
spectively, are: 
Ê_ = E sin wt and 1̂  = I sin wt 
where Ep and Ip are peak values. The instantaneous rate of 
power dissipation is 
Pi = EiIi = EpIp sin
2 wt 
and the effective power is 
rs 
P = i f ' Eplp sin
2 wt d(wt) = - ^ E . 
For ac power, equation (l) with the same units becomes 
(|)f = 86.2 EpIp 
and, with half-wave dc power, half the power pulses are 
eliminated and 
(|)f = ̂ 3.1 EpIp-
Since the effective single-phase alternating volt 
and current are 
F I-
E = ~E and I = -S 
J* J2 
film resistance for an ac or half-wave dc test is 
R = I = SE T T 
9̂ 
if the voltage and current follow a sine-wave form. 
There was considerable scatter in the film temperature 
determinations at low power levels. This occurred because 
the error in a voltage or current measurement was approxi-
mately constant regardless of the magnitude of the measured 
quantity. As the quantity became larger, the per cent error 
was reduced,, The effect was more noticeable in film temper-
atures than in heat dissipation rates since temperatures were 
derived from the quotient of voltage{current, and a small 
error in either term of this quotient had a substantial ef-
fect on the measured temperature. 
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CHAPTER IV 
FILM THICKNESS UNIFORMITY STUDIES 
In the heat transfer experiments described in this 
study, electrical resistance of the films was used as a meas-
ure of temperature. In such an application, it is desirable 
that resistance be uniform over the area of the film so that 
temperature measurements will be representative of the entire 
film surface. The heat generation rate is equivelent to 
P = E /R, and the measured value of this too should represent 
the conditions over the whole film. If uniform properties of 
the film material are assumed, then the film resistance will 
be a function of thickness, and the obvious requirement is 
that film thickness should be as uniform as possible for meas-
ured heat transfer parameters to give an accurate picture of 
the experimental conditions. The purpose of this chapter is 
to describe a series of experiments undertaken to ascertain 
the thickness uniformity of nickel films prepared under con-
ditions identical to those under which the heat transfer ele-
ments were made« 
Experimental Procedure 
Film thickness as a function of position on the sub-
strate was measured by x-ray fluorescence. The K-alpha emis-
sion for nickel was used to determine the quantity of metal 
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present in an area of the sample defined by a mask having di-
mensions of 1/4 by 3/8 inch. This was compared to the K-alpha 
emission of a thick sample of the same area, and the ratio 
Af/Aoo taken as a measure of film thickness, where Af is the 
area under the recorded x-ray peak for a thin film, and A^ is 
the area under the recorded x-ray peak for a thick sample. 
The equipment employed was a Siemens x-ray unit with 
tungsten tube operated at 50 kilovolts and Ik milliamperes. 
The "white" tungsten radiation was directed onto the specimen 
held by a steel mask in which the specified aperture had been 
cut. The specimen, excited by this radiation, emitted its own 
characteristic x-rays and the desired nickel K-alpha radiation 
was selected by diffraction through a lithium fluoride stand-
ard crystal and detected by a proportional counter. The pro-
portional counter was operated on its plateau and an appropri-
ate counter window was set up to discriminate against all en-
ergies except that corresponding to the nickel radiation. 
The counter and standard crystal were mounted on a 
Siemens goniometer which scanned slowly across the desired 
peak. The counter output was plotted on a strip chart record-
er, and areas under the recorded peaks were taken as propor-
tional to the quantity of metal present. A "blank" with no 
sample in the holder and a "thick" sample of l/k inch nickel 
plate were run before, after, and periodically during each set 
of film measurements. The x-ray peak area for a blank was 2 
to 6 per cent of the area for a specimen, and the area for a 
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thick piece was 10 to 20 times the area for a specimen. Cor-
rections for these quantities were made during subsequent cal-
culations. Strip chart peak areas were measured by a polar 
planimeter, with a minimum of three readings which agreed with 
in 0.02 square inches for each peak, 
Calibration 
An unpublished study by a member of the Engineering 
Experiment Station staff (51) indicated that for nickel films 
under about 10,000 A thick the ratio Af/Aoo is a linear func-
tion of film thickness. Calibration showed this to be a good 
approximation for films used in this study. 
To calibrate the measurement system, ordinary one inch 
by three inch glass microscope slides were cut into six 1/2-
inch by one inch segments as shown in Figure 13• The slides 
were cleaned in the customary manner described in Chapter III, 
then placed in the vacuum system and evacuated for a few min-
utes to allow adsorbed water to equilibrate. The system was 
opened and each segment immediately weighed to the nearest 
0.01 milligram on a Mettler, Model B6, analytical balance. 
They were returned to the vacuum system and placed in the same 
position for plating as substrates used for heat transfer ex-
periments, The evaporation procedure was carried out exactly 
as with heat transfer films, and the segments were removed and 
weighed again. 
The average film thickness on each segment was calcu-
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Microscope Slide Segment with Evaporated 
Nickel Film 
Film Areas Examined by X-ray Fluorescence 
Figure 13. Nickel Uniformity Film Showing Sample Area 
Designations. 
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lated from the weight gained in plating, assuming the density 
of the film equal to the bulk density of nickel. The area of 
each segment was taken as the total slide area multiplied by 
the ratio of the segment weight to the slide weight• 
X-ray fluorescence measurements were made on three 
l/^-inch by 3/8-inch areas of each segment, as shown in Fig-
ure 13. The Af/Aoo ratios were averaged for each segment, and 
the data were plotted against the segment film thickness cal-
culated from weight gain* A calibration line was drawn, based 
on the data from four complete slides. This plot is shown in 
Figure 14, and the calculations are tabulated in Appendix IV. 
Other techniques, such as those of Talysurf or inter-
ferometer, are capable of thickness measurement, and might 
have been used for calibration. The procedure described was 
considered most suitable for this study, however, because 
equipment was readily available and the method tended to give 
average thicknesses over areas significantly smaller than 
that of a heat transfer film. Measurement of thickness uni-
formity on a macroscopic scale permitted data to be compiled 
over a whole microscope slide, and gave a useful picture of 
thickness profiles. 
The points shown in Figure 1^ give a rather good 
straight line plot when it is noted that an error of 0.05 
milligram in determining film weight will move a point about 
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Figure l4. Film Thickness Calibration for Thickness Uni-
formity Studies. 
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quired in weighing films because this operation was performed 
near the limit of the sensitivity of the analytical balance. 
Film weights in the calibrations ranged from 0»35 to 0.75 
milligram* 
Results of Thickness Uniformity Measurements 
The film thickness at each fluorescence measurement 
area was determined from the calibration plot using the meas-
ured Af/Aoo ratioo These data are shown in Figures 15 and 16. 
The heavy vertical lines are proportional in length to film 
thickness, and contour lines form a profile of thickness as 
a function of position on the substrate. 
For comparison, a similar drawing in Figure 17 shows 
the theoretically predicted thickness distribution for a film 
evaporated under the same geometry from a filament substan-
tially the same as a wire source. The filament model used in 
this calculation was a thin ribbon with material evaporating 
from its underside, but it is a close approximation to a wire 
filament in the present case. Further mention of this point 
will follow. 
The data displayed in Figures 15, 16, and 17 are tab-
ulated in Appendix IV. 
Calculation of the predicted thickness distribution 
was accomplished by adaptation of the evaporation equations 
published by Holland (52)° It was assumed that evaporation 
took place according to Knudsen's cosine law, the equivalent 
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Nickel Uniformity 
Film No. 1 
Nickel Uniformity 
Film No. 2 
Figure 15. Thickness Profiles for Nickel Uniformity Films 
1 and 2. 
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Nickel Uniformity 
Film No. 3 
Nickel Uniformity 
Film No. 5 
Figure 16. Thickness Profiles for Nickel Uniformity Films 
3 and 5« 
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Theoretical 
Figure 17* Calculated Thickness Profile for Nickel 
Uniformity Films. 
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of Lambert's law in the transfer of radiant energy. This as-
sumption is justified if: 
(1) The evaporation is carried out at sufficiently 
low pressures and evaporation rates for collisions between 
metal vapor molecules and gas molecules and collisions among 
metal vapor molecules to be negligible* 
(2) Metal vapor molecules striking the receiving sur-
face condense on first impact0 
These assumptions are generally valid for metals deposited by 
vacuum evaporation onto clean glass substrates at pressures 
below 10"^ Torr, 
Consider a differential area dS^ of a source, radia-
ting material from one side at a rate of m grams per second 
as shown in the upper part of Figure 18. The amount of mate-
rial passing through the solid angle da in a direction forming 
an angle y with the normal to the surface in a unit time is 
given by: 
dm = — cos y dtfo (5) 
TT 
If the material arrives at an area dS2 on a surface inclined 
at an angle e to the direction of the vapor stream, then 
dCT = M J . dS2 (6) 
r2 
Figure 18. Geometric Arrangements for Prediction of Film 
Thickness Showing Small Area Sources dS^ and 
Receiving Surfaces dSg. 
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so that material arrives on dS2 at the rate 
dm = S. c o s y g o s 9 dS?0 (7) 
n v.2 ^ r' 
If the material has a density d grams per cubic cen-
timeter and the thickness of the film condensed per unit time 
is t centimeters per second, then the volume of material 
deposited is t dS2 and 
dm = d t dS2o (8) 
Combining (7) and (8), the thickness of the deposit on dS2 is 
t - -JL C O S Y ̂ OS 9 _ /Q) 
nd v,2 
The time element can be eliminated by taking m to be the 
total mass and t the total thickness of metal deposited 
rather than the corresponding rates. 
To calculate the thickness distribution along the 
longitudinal axis of the slide, consider a narrow strip source 
of length 1 arranged symmetrically and parallel to a narrow 
strip receiving surface as shown in the lower left part of 
Figure 18. The evaporation area dS^ = dx and y = 0. Note 
also that r2 = (x2 - x̂  )
2 + h2, and 
cos 0 = - = h 
V(X2 - X-L ) 2 + h2 
Then 
dm _ m 
dx2 ~ 1 
and from equation (9) 
dt = c o s 2 ! . m h
2 
TT d r2 1 TT d ((x2 - x,)
2 + h2) r r T 2 i 2
d X 2 ' 
Integration of this latter expression gives 
m 
2 1 TT d 
x2 " xl 
(Xo - X , ) 2 + h 2 
+ 
'2 ~ Al 
x2 - x1 




After application of limits, the film thickness 
the longitudinal axis of the slide is given by 
y-l 
t (x=Xl,y=0) = —JL-
c. 1 TT 
2 " xl 
_ ( | - X l )
2 + h2 
+ (12) 
1 ?" " Xl 2! + Xl 1 2 + Xl 
r- arc tan -— + -= + ?• arc tan ——• 
h h (I + Xl)2 + h2 h h 
Film thicknesses along the axis of a slide were calculated 
from the above equation using values of the constants meas-
ured from the vacuum system in which the films were made. The 
constants were: 
1 = 12.6 centimeters, 
h = ̂ .73 centimeters, 
d = density of nickel (8.90 grams per cubic centi-
meter), and 
m = 0.060 grams (half the mass of metal evaporated 
from a wire filament)* 
The variation in film thickness across a slide in a 
direction perpendicular to the strip source was roughly esti-
mated by assuming the same source model, as shown in the lower 
right part of Figure 18. From equation (9) the film thick-
nesses at the center of the slide (y=0) and at a point off 
center (y=y) are given respectively by 
t„ = -S- JL. and t = -EL ^ 0 rrd « 2 rrd J l 
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From the figure it is clear that r^ = Y + h = Y + r0, , 
and 
. r 2 
cos2 9 = -2-. 
r2 
Combining this with the two expressions for thickness gives 
2 4 
_E_ = oos^ e — j = — w . 
i/ 0 r r 
Evaluation of film thickness at a value of y cor-
responding to the off-axis positions shown in Figures 15> 16, 
and 17 reveals that thickness should be reduced by only 6 per 
cent from its value along the axis. Therefore the strip-
source model is sufficient to show that film thickness is not 
likely to vary greatly in a direction perpendicular to the 
axis of the slide in the plating system used for these films. 
A wire source model would have led to still less expected var-
iation. 
Discussion of Thickness Uniformity Measurements 
The film thickness profiles show that thickness uni-
formity was good in some cases and poor in others. This ir-
regularity was caused by the peculiar behavior of nickel when 
it is evaporated in vacuum. Under these conditions nickel 
tends to alloy with filament materials such as tungsten, 
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molybdenum, and tantalum, leading to disintegration and break-
ing of the filament. Holland (53) and Sloan (5^) recommend 
evaporation of nickel from heavy tungsten wire filaments, and 
Holland states that rapid disintegration of the filament can 
be prevented only if the weight of evaporant is less than 30 
per cent of the filament weight. This condition was met in 
these experiments, but difficulty in obtaining useable nickel 
films was still encountered. 
In the usual thin-film deposition system, nickel evap-
orates at a useful rate just above its melting point (about 
1500°C). When the melting point is reached, however, nickel 
does not uniformly wet the filament, but flows along its sur-
face and collects into small globules, randomly spaced about 
lA- to 3/^ inch apart. As the filament temperature is slowly 
increased, the globules evaporate to form a film on the sub-
strate, the thickness uniformity of which is a function of 
the size and distribution of nickel globules on the filament. 
Too rapid an increase in filament temperature results in 
small beads of molten metal flying off the globules, damag-
ing the film if they strike it and reducing the amount of 
nickel available for deposition. Nickel forms partial liq-
uid phases with tungsten at all temperatures above 1500°G, 
so that the evaporation rate must be fast enough to give the 
required deposit thickness before alloying destroys the fil-
ament. Thus, the correct evaporation rate for a particular 
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deposition system is seen to be a compromise among several 
factors, and experience is needed before good quality films 
can be made. 
The evaporant must be uniformly distributed over the 
filament so that the maximum permissible nickel concentration 
will not be locally exceeded. Satisfactory films could be 
made only with filaments on which nickel had been electro-
plated, and even then the tendency of nickel to collect into 
globules led to films which did not have the predicted thick-
ness distribution. Thickness non-uniformity in evaporated 
nickel films is principally caused by the inability of nickel 
to wet uniformly the filament from which it is evaporated. 
The use of nickel films in spite of these problems was 
continued because nickel is reported to give stable and sen-
sitive thin film resistance thermometers, as mentioned in 
Chapter I. 
The resistance of a heat transfer film as a function 
of thickness can be estimated from Figure 19° Two curves are 
shown, one based on the bulk resistivity of nickel and a sec-
ond based on a resistivity twice that of bulk nickel as re-
ported for evaporated nickel films 500 to 1500 A thick by 
Simpson and Winding (15)* Resistivity has been reported for 
nickel films up to about 1500 A thick, but no reports of 
measurements in the range of 1500 to 2500 A were found in the 
literature. Most heat transfer films in this study had room 
68 
Based on Film Resistiv-
ity Equal to Twice the 
Bulk Resistivity of 
Nickel 
Based on Film Resistivity 
Equal to Bulk Resistivity 
of Nickel 
500 1000 1500 
Film Thickness - £ 
2000 2500 
19. Estimated Resistance of a One-Inch by Three-Inch 
Heat Transfer Film as a Function of Thickness. 
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temperature resistances of 1.8 to 2.5 ohms and probable thick-
nesses of about 2000 A. This points to the conclusion that 
the upper curve in Figure 19 best represents the resistance 
as a function of thickness for these films. 
Exact determination of the effect of film thickness 
non-uniformity on the heat transfer data is difficult. The 
largest variations in thickness occurred along the longitudi-
nal axis of the heat transfer element. If thickness variation 
along this axis is considered, the film can be pictured as a 
i 
group of narrow strips side by side and connected in series. 
i 
It is evident that the current across each strip is constant, 
and, since P = I2R, the thinner sections of the film will 
dissipate more power and operate at higher temperatures than 
the thicker sections. The increase in resistance associated 
with heating can be largely attributed to the thinner parts 
of the film. Then measured temperatures and heat fluxes 
would be lower than true values for thinner parts of the film. 
Conversely these parameters would be higher than the true 
values on the thicker parts of the film. The average heat 
flux and temperature and the measured heat flux and tempera-
ture, lie between the extremes associated with thin and thick 
areas. 
Films with unusually low burnout heat fluxes are sus-
pected of having large variations in thickness. Films with 
substantial thickness variations and holes visible to the eye 
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when the film was held up to a bright light were of course 
discarded, but thickness monitoring of each film was not pos-
sible because of limitations on the size of sample that could 
be put into the x-ray fluorescence apparatus. 
Three of the four nickel uniformity films showed thick-
ness variations not drastically different from that predicted 
by theory. If this average held throughout the heat transfer 
films, the heat transfer data, except for films with abnor-
mally low burnout heat fluxes, should closely represent the 
I 
actual conditions of temperature and heat generation rate. 
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CHAPTER V 
RESULTS AND DISCUSSION OF HEAT TRANSFER MEASUREMENTS 
The experimental techniques used for collecting heat 
transfer data have been explained in detail in Chapters II and 
III. This was considered important because many of the meth-
ods employed in this investigation have not been described 
before, and a sizeable part of the total effort was directed 
toward coordinating the separate parts of the procedure. At 
the present stage, experimental data have been obtained in the 
form of instantaneous temperatures and rates of heat genera-
tion in the thin film heat transfer element. 
Since the metal films were in intimate contact with 
quartz substrates and film temperatures increased rapidly dur-
ing experimental runs, heat flux to the substrates required 
consideration. If measurements had been made in steady state, 
the substrates low thermal conductivity would have caused most 
of the heat to be transferred to the water pool. But in tran-
sient experiments the conduction of sensible heat to a sub-
strate was far from negligible. 
Heat Conduction to the Substrate 
To develop an expression for heat conduction to the 
substrate, certain assumptions were required. First, edge 
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effects were neglected, and the temperature of the front of 
the substrate was taken equal to the measured film temperature. 
Thus, the heat conduction case examined was an infinitely wide 
plate of thickness L, with a front side temperature equal 
to the film temperature and back side temperature equal to 
the water temperature (the system initial temperature). Sec-
ond, the front-side temperature was assumed to increase as a 
linear function of time. Plots of film temperature versus 
time are shown for each test in Appendix III, and this assump-
tion appears to be reasonable for the purpose of estimating 
slide heat flux. Errors introduced by using a linear function 
of time to express temperature were small when errors from 
other sources were considered. 
Carslaw and Jaeger (55) discuss the use of Laplace 
transformation methods for solving problems of heat conduction 
in linear flow. Using their methods the following expression 
for heat conduction from a thin film to a glass substrate can 
be developed: 
(1) - - ir del - 2kC(t)g y h 3 ) 
[ k ) s ~ k dx1x=0,t J* L U 3 ; 
n=0 
i erfc -&L + i erfc (n ±J )L . 
Vat vat 
This derivation is shown in Appendix I for the system speci-
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fied here, along with an alternate derivation for the special 
case of short run duration. Variables are defined in Appendix 
I, and equation (13) has been set up there in a table to aid 
computation. 
It is instructive to examine the temperature profile 
in a quartz slide after a run has begun. Jakob (56) gives a 
table from which temperature profiles in a flat plate can be 
calculated when the temperature of both surfaces is changing 
linearly with time. This table applies to an infinitely wide 
plate of finite thickness. If the cool side of the quartz 
slide is placed at the midplane of the plate, an accurate pic-
ture of the temperature profiles in the slide can be obtained 
until the cool-side temperature appears to rise. 
The temperature profiles for a case typical of short-
duration tests in this study are plotted in Figure 20. In 
this example the surface temperature increased at a rate of 
210°F per second and burnout occurred at about 1.25 seconds. 
From Figure 20 it is seen that the temperature at the cool 
side of the slide is not affected by conditions at the hot 
side until about one second has elapsed. Thus, the heat flux 
to the slide is the same as that to a semi-infinite solid for 
about the first second in runs of this type. 
Similar plots of the temperature profiles for a run of 
about 20 seconds duration lead to the observation that the 
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Figure 20. Temperature Distributions In an Infinitely Wide 
Plate of Finite Thickness with Surface Tempera-
tures Increasing Linearly with Time. 
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perature in the slide, and thus the heat flux, for about two 
seconds o 
Heat flux to the substrate was calculated by the ana-
lytical method summarized here and described in Appendix I un-
til the film temperature ceased to rise linearly with time. 
In short-duration tests (Nickel Films 18, 20, 22, Jk) the film 
temperature was approximately a linear function of time 
throughout the run. In longer-duration tests, however, this 
approximation held only until nucleate boiling began. Then 
the film temperature appeared to drop a few degrees and after-
ward increased slowly until burnout occurred. 
If the film temperature changes slowly during nucleate 
boiling, heat flux through the substrate will approach a 
steady-state condition. Heat generation in the film at this 
time was 75,000 to 100,000 Btu/hr-ft2 and the steady-state 
value of slide heat flux was 10,000 to 12,000 Btu/hr-ft2, 
Since heat flux to the water was given by 
<I>w = <I>f - <I>s <1*> 
a relatively large error in estimating (̂ )g could be tolerated 
before its effect on (*)w became important. 
The effect of assuming steady-state heat flux through 
a substrate when nucleate boiling begins should be examined. 
Consider the behavior of the temperature profile in a quartz 
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slide after the surface temperature has ceased to rise and 
remains for several seconds at some constant temperature. 
After a sufficiently long time the system will reach steady 
state, and the temperature profile will be linear through the 
slide. In a typical long experiment the surface temperature 
reached a steady value of 275°F at a time equal to 3•75 sec-
onds. At this instant the temperature was given by equation 
(15), which is developed in Appendix Is 
00 
9 X t = Ct Y L i
2 erfc x +rJL
nL - ( 15 ) 
x , t ^ L V a t 
n=0 
k i 2 erfc (n + 1)2L - x 
2Vat 
where C = slope of temperature plot = ̂ 9.3 °F/sec, 
t = time to incidence of nucleate boiling = 3•75 sec, 
and other variables are as defined in Appendix I, The terms 
in the sum are tabulated as a function of the argument by 
Garslaw and Jaeger (57)° The temperature profile at this 
time is represented by the heavy line in Figure 21. 
Since the problem of observing the change in this tem-
perature profile by analytical techniques would be quite for-
midable, a graphical method was used. The Schmidt technique 
as described by Kreith (58) and Jakob (59) is suitable for 
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Schmldt Construction for 
4 increments of At 
Steady State 
•33 L .66 L 
x - distance 
Figure 21. Behavior of Substrate Temperature Profile After 
Nucleate Boiling Begins. 
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this purpose. Increments of distance (Ax) and time (At) 
are chosen for convenience so that 
(Ax)2 = t 
2 a At 
Six increments of x were taken, and A x = j - = 0.00173 foot 
Then 
At = (<^x^ = 0.15^ second. 
2a 
The averaging of temperatures can be done graphically or 
arithmetically. A graphical construction for four incre-
ments of time is shown in Figure 21. 
It is evident that 2LiL and heat flux approach their 
dx 
steady-state values asymtotically, and Figure 21 shows that 
after three or four increments of A t they have accomplished 
half this transition. Thus, within one-half second after 
the front side has reached a "steady" temperature the slide 
heat flux has approached half way to the steady-state value. 
Experimental measurements indicated that during ex-
tended runs (longer than five seconds) the film temperature 
reached a maximum and dropped ten degrees or more before 
rising again. There would be a corresponding drop in heat 
flux to the slide superimposed on the effect just discussed. 
Decrease of the surface temperature would accelerate the 
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approach to a "steady state" condition by reducing the surface 
temperature gradient. In any case,, the heat flux to the slide 
at this stage in the run was less than 20 per cent of the rate 
of heat input to the metal film. An error of 20 per cent in 
estimating the heat flux to the slide would result in an error 
of less than 5 per cent in estimating heat flux to the water. 
Since a more elaborate technique appeared unwarranted 
in view of the errors involved, the heat flux to the slide on 
extended tests was calculated as follows; 
(1) During the early part of the test a surface tem-
perature rise linear with time was assumed, and the heat flux 
was given by equation (13), as with short runs, 
(2) From the time that the surface temperature reached 
a maximum, the heat flux to the slide was given by 
Experimental Heat Transfer Measurements 
Data for each heat transfer experiment are tabulated 
in Appendix II and plotted in Appendix III. 
Heat Flux versus Temperature Data 
Figures 22, 23, 2^, and 25 summarize the heat flux 
curves for the experiments of this study. Results are grouped 
in each figure according to similarities in experimental con-
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Figure 22. Heat Flux Curves for Horizontal Heat Transfer 
Films in Long-Duration Tests. (Dotted line 
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Heat Flux Curves for Vertical Heat Transfer 
Films in Long-Duration Tests. (Dotted line 
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Figure 2k. Heat Flux Curves for Horizontal Heat Transfer 
Films in Long-Duration Tests Using AC and Half-
Wave DC. (Dotted line taken for reference 
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Figure 25. Heat Flux Curves for Horizontal Heat Transfer 
Films in Short-Duration Tests. (Dotted line 
taken for reference from Figure 26.) 
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tion (rate of increase in power). Distilled water at ambient 
temperature was used in all experiments. Bulk temperatures 
ranged from 68 to 85°F, but were mostly between 70 and 80 F. 
Subcooling can be considered essentially constant. 
Heat flux versus temperature data for boiling in the 
literature are ordinarily plotted on logarithmic scales. 
This practice was not followed in this report because a lin-
ear temperature scale provided a clearer picture of the ex-
perimental points. The scatter in the data was such that 
preparation of a general correlation of heat flux and temper-
ature for these experiments was considered inadvisable. 
Figure 26 shows published experimental data used for 
comparison. The data of Gunther and Kreith (25) and Bergles 
and Rohsenow (4l) are for steady-state pool boiling on hori-
zontal ribbons and tubes, respectively, at bulk water temper-
o 
atures less than 100 F. These data were taken from published 
curves and therefore are influenced by uncertainties inherent 
in reading the authors' plots. Duke and Schrock (4-2) give 
experimental points as shown in Figure 26 for steady pool 
o 
boiling of water at a bulk temperature of 90 F on a horizontal 
plate. A curve through their points is shown for reference 
in Figures 22, 23, and 24. The transient pool boiling curve 
of Johnson et al. (17) represents data for a horizontal plat-
inum ribbon when the power level was increasing exponentially 
with a period of about 90 milliseconds. The bulk water tem-
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Figure 26. Heat Flux Curves from Literature for Subcooled 
Pool Boiling. 
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roughly twice that used for transient experiments in this 
study. These data, like those of Gunther and Kreith and 
Bergles and Rohsenow, were taken from curves published by the 
authors. The curve of Johnson et al. is shown for reference 
in Figure 25. 
Figures 22 and 23 show the results of tests in which 
the heat transfer films were oriented horizontally and verti-
cally, respectively. The power level was increased slowly 
(by the standards of this study) until burnout occurred. Film 
temperature was seen to increase with heat flux until the in-
cidence of nucleate boiling, when it dropped a few degrees, 
then increased slowly until the film burned out. There was 
considerable scattering of temperatures within individual ex-
periments, but this must have been caused by uncertainties in 
determining temperature rather than actual temperature fluc-
tuation. Temperature fluctuations of 30°F have been measured 
at individual nucleation sites (30) (60), but it is most un-
likely that fluctuations of this magnitude could occur on a 
surface as large as a heat transfer film. The fairly large 
systematic temperature difference among some runs was also 
most likely caused by errors in temperature determination. 
Nickel Films 3 and 4 were the first useable experiments in 
this study. Their exceptionally wide scatter should probably 
be attributed to lack of experience on the part of the inves-
tigator. 
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An unexpected phenomenon was found in Figure 24, which 
shows the heat flux curves for tests using ac and half-wave 
dc heating. In Nickel Films 28 and 30 the film temperature 
appeared to drop well below the boiling point of water at heat 
fluxes clearly indicating the presence of nucleate boiling. 
The data points followed trends typical of long-duration tests 
in this study, but at lower temperatures than expected,, The 
tape recording of test 28 was rephotographed and calculations 
were performed twice with no significant difference in re-
sults. As will be discussed later, temperature fluctuations 
were detected which might account for boiling heat transfer 
with an average film temperature below the boiling point. 
Rather large errors in calibration of the recording system 
may have been responsible for these results. However, exper-
iments made before and after the test of Figure 24 did not 
reflect such unexpected behavior and the agreement among tests 
in Figure 24 was better than average. Thus they could not be 
easily dismissed as containing large calibration errors. 
Figure 25 shows the results of the short-duration or 
rapid-transient tests of this study. Alternating and direct 
current heating were used. These lasted from 0.67 to 1.20 
seconds and agreed fairly well among themselves. They did 
not, however, display the prominent temperature "overshoot" 
reported by Johnson et al. (17) in the referenced boiling 
curve. 
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The general tendency of heater temperatures to "over-
shoot" the boiling point in subcooled transient boiling has 
been observed by Johnson et al• (l?), Rosenthal (44), and 
Lurie and Johnson (45). The overshoot occurs with the initi-
ation of nucleate boiling and is more pronounced with in-
creased subcooling. It becomes less pronounced as the rate 
of power increase becomes smaller. The overshoot phenomenon 
was clearly visible in most of the long-duration tests of 
this study0 With the exception of Nickel Film 20 it was seen 
only as a sudden change of slope in the fast transient runs, 
In the reference curve of Figure 25 the time between 
the maximum and minimum temperatures during the overshoot 
period was about 25 milliseconds. The corresponding time for 
test 20 was 50 to 100 milliseconds. The experimental points 
in Figure 25 were photographed from the oscilloscope screen 
at intervals of five seconds, equivalent to intervals of 25 
milliseconds in the heat transfer runs. Since the overshoot 
phenomenon occurred over a time interval of the same order of 
magnitude as the time between data points, it is possible that 
the maximum and minimum temperatures were simply missed by the 
camera when data were photographed- The sweep time of the 
oscilloscope was about two seconds,, and every second sweep 
was photographed, so it is also possible that the temperature 
maxima and minima were in the photographs but masked by power 
supply ripple. 
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In all the experiments of this study, heater tempera-
ture increased, with heat flux more rapidly than in the refer-
ence curves. The reason for this may be seen in Figure 27 
which shows a sequence of photographs made during a long ex-
perimental test. The pictures clearly show that in the late 
stages, boiling was not uniform over the area of the metal 
film. A similar series of pictures revealed the same behav-
ior in another test, and it is thought to have been typical 
of all tests of this study. The film-thickness uniformity 
measurements described in Chapter IV show that substantial 
non-uniformity existed in the nickel heat-transfer films. 
Since power dissipation from an area of film is inversely pro-
portional to the square of thickness, the local heat flux in 
a thin area may be far higher than the average heat flux. 
In calculating heat transfer parameters from raw exper-
imental data, there is no way to identify the "active area" 
of a thin film. Calculations must be based on the total film 
area of assumed uniform thickness. The use of other metals 
which can give more uniform evaporated films increases the 
difficulty of measuring temperature accurately, because other 
candidate metals have lower temperature coefficients of resis-
tivity. Probably the best approach is to try to prepare more 
uniform nickel films by other methods, such as vapor phase 
deposition or the use of "liquid bright" metals. 
Burnout 
The burnout conditions for the experiments are listed 
... , up „<•> s^. 
Figure 2?. Photographic Sequence Showing Heat Transfer 
Film During and After Experiment. 
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Figure 27. (Continued) Photographic Sequence Showing Heat 
Transfer Film During and After Experiment. 
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Figure 27. (Continued) Photographic Sequence Showing Heat 
Transfer Film During and After Experiment. 
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in Table 1. At least one test in each group reached a maxi-
mum water heat flux of more than ^50,000 Btu/hr-ft . Tests 
p 
with maximum water heat fluxes of less than 400,000 Btu/hr-ft 
probably burned out prematurely because of severe thickness 
non-uniformity, flaws in the metal film, or imperfect end 
connections. 
The several correlations of burnout heat fluxes dis-
cussed in Chapter I predict values of about 2,000,000 to 
3,000,000 Btu/hr-ft2 for pool boiling at the level of sub-
I 
cooling used in this investigation. The burnout heat fluxes 
in this study are seen in Table 1 to have varied rather widely 
2 
with a maximum of 575>000 Btu/hr-ft . These low apparent 
values were partly caused by film non-uniformity effects as 
discussed in the previous section. 
Bernath (46) explains the mechanism determining peak 
heat flux with boiling from wires as follows: 
When the diameter of the heater is of the same order of 
magnitude as the mean diameter of the bubbles formed on 
the surface, the number of "coincident" bubbles—those 
generated within a period less than the mean lifetime of 
bubbles on the surface—required to form a coherent vapor 
film is relatively small. And the larger the diameter of 
the heater, the larger is the number of coincident bub-
bles required to blanket the surface and consequently the 
higher is the heat flux at burnout. 
Bernath further states that the effects of thickness of the 
boiling film and of the heater wall are combined in the Biot 
modulus: NB = hR/k for wires and NB = hL/k for plates or 
thin films, where L is the plate thickness. In a boiling 
liquid, the thickness of the boiling film is proportional to 
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—, and the Biot modulus is a measure of the ratio of wall 
thickness to "boiling film thickness. 
It has been shown experimentally by McAdams (12) and 
others that peak heat fluxes increase with wire diameter to 
an asymptotic value at a wire diameter of about 0.1 inch. 
If an analogy based on Biot numbers can be drawn between 
boiling from wires and plates, then there must be some plate 
thickness at which peak heat flux approaches an asymptotic 
value. The metal films used as heaters in this study were on 
the order of a few hundred molecular layers thick, certainly 
analogous to small diameter wires. If thin metal films are 
sufficiently isolated from their substrates because of the 
substrates' low thermal conductivity, then the films are in-
herently incapable of reaching the asymptotic peak heat 
fluxes expected of thick heaters. This must of course be 
considered in designing heat transfer experiments for simula-
tion of actual operating systems. 
The data of this study were not sufficiently precise 
to support any conclusions regarding the effect of film ori-
entation on burnout heat flux. Bemath reports that the ra-
tio of vertical to horizontal heat flux is about 0,75, when 
long vertical heaters are used. A thicker boiling film is 
formed at the top of a vertical heater than at the bottom, 
leading to early failure at the top of the heater. A heater 
length of about eight inches is required for the effect to be 
established. Since the vertical length of heaters in this 
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study was only one inch, no appreciable difference in burnout 
heat flux between vertical and horizontal films should be ex-
pected . 
Apparent film temperatures at burnout varied consider-
ably but seemed to be somewhat higher for fast transient than 
for slower tests. Similar variation in burnout film tempera-
tures was reported by Johnson et al. in transient boiling 
studies (17). 
Discussion of Experimental Errors 
The tendency of some tests to exhibit temperatures con-
sistently different from others in Figures 22 through 25 in-
dicated the presence of systematic error, particularly in the 
determination of film temperatures. An error of 1 per cent 
in measuring film resistance corresponded to an error of 5 to 
8 F in temperature. 
The potentiometer, Wheatstone bridge, standard cell, 
and standard shunt resistor used for film and recording sys-
tem calibration were in good working order, and it is improb-
able that significant error was introduced from these sources. 
The tape recorder and oscilloscope were claimed by 
their manufacturers to have responses linear to within 1 per 
cent. Problems were encountered with the tape recorder sev-
eral times, however, and because of its complexity the manu-
facturer's specifications may have been a bit optimistic« 
This investigator believes that most of the error was 
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caused by difficulty in reading the photographed data. As 
stated earlier, ripple from the dc power supply was always a 
problem; even on ac tests, three-phase rectified dc was used 
to calibrate the current recording channel. On a particular 
test, voltage scale factors from the two calibrations usually 
agreed within 1 or 2 per cent, but a difference of 3 per cent 
or more sometimes occurred in current calibration. The com-
bined effect of these relatively small errors could have al-
tered indicated film temperatures 25°F or more. Better pre-
cision could be achieved by using ripple-free direct current 
from storage batteries if a suitable voltage control system 
could be constructed• 
Influence of Cycling Power Inputs 
One of the objectives of this study was the investi-
gation of heat transfer from thin films with ac and half-wave 
dc heating. The heat flux curves for long-duration tests in 
these modes are shown in Figure 2̂4-. It was mentioned in the 
discussion accompanying Figure 2̂4- that calculated film tem-
peratures were lower than expected and, in fact, fell below 
the boiling point of water when nucleate boiling must have 
been taking place. 
Since the driving force for heat transport is temper-
ature difference, it is obvious that heat cannot be transferred 
from a solid body to a boiling liquid, unless the temperature 
of the solid exceeds the temperature of the boiling liquid. 
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If the temperature of the solid varies periodically it must 
at some time during its cycle exceed the boiling point of the 
liquid if boiling is to occur. While no timed photographs 
were made during this study to prove that boiling took place 
while the indicated film temperature was below 212 F, the 
shape of the heat flux curves and the magnitude of the heat 
flux during this time overwhelmingly supported this conclu-
sion. Direct current tests in this study showed the same 
characteristic shapes with temperatures above the boiling 
point and provided a basis upon which the tests with pulsed 
power could be judged. 
Gunther and Kreith (25) made a photographic study of 
subcooled boiling with a horizontal, metal ribbon heater. 
The resulting high-speed motion pictures showed a pronounced 
120 cycle per second rhythm in bubble formation when 60 cycle 
ac was employed for heating. Thus, even when the heating 
element was as massive as a metal strip, temperature cycling 
was detected. Admittedly, the temperature fluctuations in 
the experiments of Gunther and Kreith were probably small; 
however, in nucleate boiling the heat flux can change sub-
stantially with little change in heater temperature. 
Attempts were made to read instantaneous voltages and 
currents at intervals of wt equal to 15 degrees on individ-
ual power pulses of tests 28 and 30. Many of the traces con-
tain Mnoisew, probably introduced at some stage in the tape 
recording and playback, but it was possible to obtain data 
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for at least a qualitative inspection of the behavior of film 
temperature during power cycles. These data for two frames 
each on tests 28 and JO are shown in Figures 28 and 29. They 
are plotted as voltage versus current, so that the slope of 
a curve represents resistance. For a particular film, re-
sistance is approximately a linear function of film temper-
ature . 
The curve designated by the shorter time in each fig-
ure represents a power pulse near the initiation of boiling; 
the longer time designates data near the peak heat flux. In 
Figure 28 the slope of each curve appears to increase, at 
least slightly, near the peak of the power pulse. Recalling 
that a 1 per cent increase in resistance represents an in-
crease of 5 to 8°F in film temperature, it may be concluded 
that the film temperatures did increase significantly above 
the "calculated values", which correspond to the slopes of 
the dashed lines. In Figure 29 the variation of film resist-
ance and temperature is seen to be quite large. Determina-
tion of slopes in Figures 28 and 29 with sufficient accuracy 
to estimate quantitatively peak film temperatures appears 
impossible. 
Figure JO shows plots of power versus wt for an ac 
and a half-wave dc power pulse compared to an "ideal" pulse 
in which the resistance remained constant. The "ideal" 








t = 16.5 sec 
• 0 < Wt < TT 
• 0 < Wt 
TT 
^ 
o rr < wt < rr 
10 20 30 U-0 50 
I - amperes 
Figure 28. Voltage versus Current Plotted for Individual 
Power Pulses in Nickel Film No. 28 (AC). 
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o < wt < 5 
2 
< Wt < IT 
I - amperes 
29. Voltage versus Current Plotted for Individual 
Power Pulses in Nickel Film No. 30 (half-
wave DC). 
1 
wt - radians 
Figure 30. AC, Half-Wave DC and "Ideal*1 Power Pulses. 
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given by E2/R and E is proportional to sin wt. The exper-
imental data for the larger pulses in Figures 28 and 29 were 
fitted to the ideal curve at values of wt between 0 and 
TT/3 and between 2TT/3 and rr. The resulting ac and half-wave 
dc curves did not reach the peak rate of power generation 
corresponding to a heater with constant resistance. This 
further confirms the conclusion that resistance of the metal 
films increased near the peaks of the power pulses when cy-
cling power was employed. The experimental curves in Figure 
30 deviated substantially from the "ideal" only in the in-
terval between TT/3 and 2TT/3> indicating that film tempera-
ture behaved in a manner described qualitatively by the 
temperature curve at the bottom of the illustration. 
It should be noted that if burnout begins at the peak 
of a power pulse in ac and half-wave dc heating, then the 
films heated by alternating current in this study were dissi-
pating almost twice the power shown by the heat-flux curves 
when burnout began. Nickel Film No. 30 (half-wave dc) was 
dissipating nearly four times the indicated power, and the 
film temperature in these cases was far above the calculated 
value. 
Mathematical analysis can give an estimate of the 
effect of a substrate on film temperature when ac heating is 
employed. Unless the substrate has zero thermal conductiv-
ity, it will have a damping influence on the cycling of film 
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temperature. Consider a system composed of a metal film 
operating at steady state with water on one side and a glass 
substrate on the other side. Assumes 
(1) The glass is a semi-infinite solid with an aver-
age temperature equal to the film average temperature. 
(2) The film is heated by ac power. 
(3) The electrical resistance of the film is constant 
but the temperature can fluctuate. 
(4) The rate of heat transfer to the water is steady 
and, since by assumption (l) there is no net heat loss to the 
glass, this rate of loss is given by 
o 
For the moment also consider a case with the glass completely 
insulated from the film. A typical nickel film on a one-Inch 
by three-inch glass slide weighs 3»5 milligrams. Then 
m = 3.70 x 10"^ lb/ft2, and 
cp = 0.103 Btu/lb. 
A heat balance on the film over a differential interval of 
time gives 
C|)net - -op g - (|)f - (f)out 
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and for the moment 
(£.) (1) 
;A'out ~ VA water* 
In tegra t ing , where t c = time of one cycle = 1/60 second, 




t o 2 ( 8 i n 2 2Et 
2rrt I *c 




1 o lv , ^ " t 
- % sin — 





If the integration is begun at ^ ~ L = 0, AT will have a 
t c «l 
maximum v a l u e when 
4rrt _ n 3TT 
— - 2< T> " ' ' 
or t = 1/480 sec, 3/480 sec , . . . 
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Evaluation of ATn,nY under these conditions leads to •max 
AT m (°P) = 4.8^ x 10-3 p^ (Btu/hr-ft
2). 
At t = 16.5 seconds in Nickel Film 28 (one of the examples in 
Figure 28) Pm = 532,000 Btu/hr-ft . Then AT m = 25?0°F, a 
value far too high to be realistic. 
However, the film temperature is shown to vary as a 
sine function, with a period of one-half the ac power period. 
Carslaw and Jaeger (6l) give a solution for the temperature 
distribution in a semi-infinite solid having a surface temper-
ature varying according to the relation T = A cos (wt - X). 
This temperature distribution at steady state is given by 
T = A e"Kx cos (wt - Kx - X) 
where K = (-2L)*, 
2a 
Figure 31 shows a plot of temperature profiles in the 
substrate during the half cycle when surface temperature is 
decreasing* It should be noted that the surface temperature 
gradient changes sign twice during each temperature cycle, 
so that heat is flowing alternately into and out of the sub-
strate. The wavelength of the temperature wave is given by 









Figure 31• Variation of Temperature with Depth when the 
Surface Temperature is Decreasing Sinusoidally. 
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oscillation. In the system under discussion the wavelength 
would be about 0.012 inch. At a depth of one wavelength the 
amplitude of the temperature wave is reduced by a factor of 
exp (-2n) = 0.0019* Because of the strong attenuation and 
short wavelength, the solution for the semi-infinite solid 
is adequate for this case. 
It has been shown that w referred to the ac power 
frequency is 
2TT w = 2 (#31) = 511 *H 
The rate of heat transfer between the film and substrate is 
6x x=0,t 
- l c ^ [ | A T m | e"
K* cos ( M - Kx - X) 
x=0,t 
where AT m is the maximum positive value of AT, Differ-
entiation and substitution of zero for x leads to 
(|)s = Kk T m| I oo: (Jin* _ X) - s m (in* - x) 
^C ^C 
By a trigonometric identity 
109 
(|)s = Kk I A T m I JZ oos (^ - x * £) 
Integrating with respect to t 
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t c l l 
^TTt ( | ) s i s p o s i t i v e from (2lli « x + J ) = - ? to ?o 
From physical reasoning it is observed that when the surface 
temperature is increasing (%)s must be positive, or heat is 
flowing into the substrate. From equation (16) it is seen 
that this happens when "- ™ is positive. 
dt 
d AT 
dt mcp 3 2 T T 2 
Pm Ac.. c o s i n t 
t r> 
^ A £ i s p o s i t i v e in the range ^ - = §- t o 2lL. 
a t t c £ ^ 
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Then (| - X + jj) = "I and (^ - x + K) = 5 
so that 
- $ 
Now heat interchange between the film and substrate can be 
combined with equation (16) in which the substrate was as-
sumed insulated from the metal film0 It is noted that 
m opAT = (|)f - (|)w - (£), 
Combining equations (16) and (17) and starting the integra-
r̂rt tion at —r— = 0 gives 
zc 
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For convenience several terms are collected into constants, 
and Pm is taken as 532,000 Btu/hr-ft , corresponding to the 
example considered previously. 
111. 
JVjc. = 2 5 ? 0 ° F 
mcpSn 
J L . .—£ = 69*7 ( d i m e n s i o n l e s s ) 
mcp |_4na J 
E q u a t i o n (18) becomes 
A T = - 25?0 s i n ^ - + 6 9 . 7 | A T m j s i n ^ l £ , 
A T m w i l l o c c u r a t ^ - = ? , 2IL, 
'  t c 2 ' 2 
s s 
^ n t and a t ^ ~ = 5 , AT m i s n e g a t i v e by e q u a t i o n ( 1 6 ) . Then t c ^ 
- A T m = - 2570 s i n E + 69*7 |
A T m | s i n § 
and A T m = 36°P. 
AT as a function of time at this power level is given 
by 
AT = - 36°F sin ^ 
tc 
The substrate is thus seen to exert a strong damping influ-




CONCLUSIONS AND RECOMMENDATIONS 
The conclusions reached in this investigation may be 
stated as follows; 
lo Thin metal films can be used simultaneously as re-
sistance thermometers and heaters, and the use of high-speed 
tape recording systems for determining film temperatures and 
heat generation rates is practical0 
2o The greatest difficulty in experiments of this 
kind is the determination of film temperature; this difficul-
ty arises in data recording and interpretation rather than in 
film thermometric calibration« 
3» For accurate experimental measurements, a metal 
film must have the highest possible temperature coefficient 
of resistance and uniform thickness„ 
*K In transient, subcooled, pool boiling experiments 
with thin films, a temperature "overshoot" of 10 to 30 F was 
observed as boiling commenced, and this effect seemed more 
pronounced at lower rates of power increase« 
5« Thin metal films in subcooled pool boiling exhib-
ited maximum boiling heat fluxes of 500,000 to 600,000 Btu/ 
2 
hr-ft or lower by a factor of three to four than correspond-
ing values reported in the literature0 
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6. Film temperatures fluctuated when the input power 
cycled at 60 or 120 pulses per second, 
7o The substrate exerts a strong damping effect on 
film temperature fluctuation when cycling power is used0 
Several recommendations can be made concerning future 
experimental investigations of the type described here, 
lo Calibration of the recording system should be 
accomplished with current from storage batteries or other 
sources that do not give a cyclic variation of voltage with 
time* 
2, Precision in gathering data from the tape recorder 
could be improved by reducing line widths on the graphic re-
cordingo This would be accomplished by reducing the spot and 
grid brightness on the oscilloscope screen, and photographing 
data on higher speed film. Improvement might be achieved by 
playing the tape recording into a strip chart or similar re-
corder to place the graphic recording on paper rather than 
photographic film. This method would also provide a contin-
uous recording, 
3. Care must be taken to select the optimum scale 
factors during data recording so that the recorder capacity 
can be used advantageously* Sufficient data have been col-
lected in the present study to permit an informed guess at a 
film's maximum voltage and current to be made prior to an 
experimenta 
ô In fast, transient experiments, a power supply 
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having an output that could be programmed before the run would 
be very useful « 
5. The most uniform film thickness possible is a req-
uisite for heat transfer experiments using thin films simul-
taneously as heaters and thermometers. Very uniform nickel 
films might be produced by vapor deposition of the metal onto 
smooth opaque substrates0 
Useful extensions of this study could include investi-
gation of the effects of subcooling and studies of fluid 
boundary conditions in flowing systems« Significant improve-
ment in film thickness uniformity would be required before 
the results of these studies could be assumed generally rep-
resentative of boiling processes, however. 
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APPENDIX I 
DERIVATION OF EXPRESSION FOR SLIDE HEAT FLUX 
Carslaw and Jaeger (55) discuss the use of Laplace 
transformation methods for solving problems of heat conduc-
tion in linear flow. Using their techniques an expression 
for the heat flux from a metal film to a glass substrate is 
developed as follows: 
Assume 
0O = 0 = initial uniform slab temperature 
9X_Q = Ct = front side slab temperature 
9X_L = 0 = constant back side slab temperature 
negligible edge effects 
where 
9 = T - T0 
T = temperature at x and t 
T0 = initial temperature 
t = time 
x = length 
L = thickness of slab 
a = thermal diffusivity* 
The basic conduction equation for an infinitely wide plate 
of thickness L is: 
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£ i _ I 60 = 0 0 < x < L 
6x2 a 6t 
which leads to the subsidiary equation 
d £ | . £ i = - i 9o(x) 
dx< -2 a a ° 
with boundary conditions 
90 = 0 for t = 0, 0 < x < L 
3 = 0 t > 0, x = L 
§ = JL t > 0, x = 0. 
P2 
The subsidiary equation becomes 
M | - q 2 6 = 0 0 < x < L 
d x 2 
where q 2 = £ 
a 
From Murphy (62) the solution can be found by taking roots 
of the auxiliary equation 
•2 - a2 = 0 
The solution has the form 
r = +q, -q 
= Ĝ  cosh (qx) + Cp sinh (qx) 
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Prom t h e t h i r d "boundary c o n d i t i o n 
-£. = C1 1 (2) + C2 1 (0) and 
Prom the second "boundary condition 
0 = -£- cosh (qL) + C? sinh (qL) 
~,2 *-
and G = -5- cosh (qL) 2 " 2 sinh (qL) 
Then Q = — |cosh (qx) - coth (qL) sinh (qx)j 
0 = —p- sinh (qx) coth (qx) - coth (qL)] 
-£. [ sinh (qx - qL) 1 
p2 [' ' sinh (qL) J 
To transform this to a solution for 0, the above expression 
must "be written in the exponential form and expressed as the 
sums of series. 
JL |"eq(x-L) - e - q (
x - L ) 
" p2 [TTqlTJ e'(qL) 
_c_ ( e q(
x - L > - e - q
( x - L ) ) 
p2 e(qL)(l _ e-(2qL)) 
C (eq(x-2L) . e-(qx)) 
(1 - e' (2qU) 







From Carslaw and Jaeger, Appendix V 
9 = C I 
n=0 
(4t)*m im erfc x + ^ n L 
2,/ot 
£ (4t)*m im erfc <n + 1?2L 
n=0 2 ^ t 
- x 
and in the present case m = 2, so that 
9 = 4Ct V" 
n=0 
i2 erfc x+JnL - i2 e r f c (n + 1 )2L - T 
zJvX ZjaX 
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In order to use this expression for temperature as a 
function of time and distance to calculate the heat flux at 
the surface x = 0, the quantity $£•{ n must be evaluated 
' H 6xlx=0,t 




f ( u 
J a 
) du = f ( x ) 
/
CO 
I " - 1 
•JT 
and i n erfc x = / i11"1 erfc u du n = 1, 2 
x 
0 0 0 
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i erfc -SL + i erfc (n ̂  >L 
vat 
Heat flux to the slide is given by the Fourier conduction 
equation which becomes 
< * > • - 6x x=0,t v£ ^ 
(19) 
n=0 
i erfc -SL + i erfc (n I,1 ̂ L 
vat vat 
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This result must agree with the semi-infinite solid 
case for sufficiently short times. If the sum of the series 
is taken for n = 0, 1, 2, 3s 
(SL) = 2kC(t)* L e r f c o + 2 i erfc ^ + (20) 
A s v^ L Vat 
2 i erfc -§£= + 2 i erfc 3 L 
Vctt" 
For the quartz substrates in this study at times of one 
second or less 
(o0104 ft) = 3.335 
Ju* V(o0350 ft
2/hr)(l sec)/(3600 sec/hr) 
Using values for i erfc x in Carslaw and Jaeger, Appendix 
II, the first term in the brackets In equation (20) is 
0.5642 and all subsequent terms are less than 0.0001. To 
four places, -4 is 0.5642 and equation (20) becomes 
AAT 
(f ) s -
 2*C1*>* (21) 
A ' vrrct 
which agrees with the expression obtained later in this Ap-
pendix for a substrate acting as a semi-infinite solido 
Calculation of the slide heat flux for each of the 
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numerous experimental data points taken in this study was 
greatly facilitated by constructing a table expressing heat 
flux as a function of time and the slope C, of the exper-
imental temperature versus time plot„ The following assump-
tions were required: 
1. Thermal properties of the clear fused quartz slides 
were constant„ These quantities were taken from a report by 
Fleming (63)> and values were chosen at a mean temperature of 
l60°Fe 
k = 0o82 Btu/hr-ft-°F (p0 105) 
cp = O0I7O Btu/lb-°F (p„ 109) 
d = 2o205 gm/cnP = 137.7 lb/ft3 (p0 3k) 
a = -i£- = 0o0350 ft2/hr 
dcp 
2. The slide thickness was 0.125 inch or 0*0104 foot 
and the back surface always remained at the starting tempera-
ture. Since the entire slide was immersed in water this as-
sumption is a good approximation0 Even in the longest tests, 
the water became only warm to the touch « Immediately after 
burnout there were noticeable temperature gradients in the 
water, and the back of the slide remained cool in comparison 
to the front and the water near the heating surface. 
3» Edge and end effects associated with the slides 
were negligible» Since the slides were only one-eighth inch 
thick, the area of the ends and edges was about 25 per cent 
of the plated area. Most of the heat generated in the metal 
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film was transferred to the water, and the heat that entered 
the slide and passed out through the edges could have been 
only a small fraction of the total. Other uncertainties far 
outweighed this effect and it was neglected in the calcula-
tions . 
4. The temperature rise in the film was directly pro-
portional to time« For purposes of estimating heat loss to 
the slide this is seen experimentally to be an adequate ap-
proximation for the entire test if the time is short (Nickel 
Films 18, 20, 22, and 34). It is less good, but still an 
adequate approximation for longer tests up to the time that 
the film temperature levels off and nucleate boiling begins. 
After this time another technique was required to estimate 
heat losses to the slide. To establish the slope G for a 
heat flux calculation, a straight line was fitted visually 
to the film temperature versus time plot* In most cases the 
line did not pass through ambient temperature at zero time. 
The following form of equation (19) was used to con-
struct Table 2: 
(l)s = SSiti* y [2 i e r f c "^ + 2 i erfo ia + liL 
A v a *—• L vat vat 
n=0 
(22) 
The arguments of the complementary error functions were tab-
ulated at the desired intervals of time and the sum in equa-
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Table 2 . Parameters for 
1) Btu = 
A ' s h r - f t 2 " 
f(t) =tjj2* X [2 i e 
n=0 
Time f ( t ) Time 
(sec ) (sec ) 
0.05 66.5 lo20 
0,10 93*8 lo25 
0.15 115 1.50 
0.20 133 1.75 
0.25 148 2,00 
0o30 163 2.25 
0.35 176 2.50 
0.40 188 2.75 
0*45 199 3o00 
0.50 210 3<>25 
0.55 220 3.50 
0,60 230 3.75 
0.65 239 4o00 
0.70 248 4.25 
0*75 257 4*50 
0.80 265 4.75 
0.85 274 5.00 
0.90 282 5.25 
0.95 289 5-50 
1.00 297 5>75 
1.05 304 6.00 
1.10 311 6.25 
1.15 318 6.50 
C a l c u l a t i n g S l ide Heat Flux 
°F f ( t ) Btu-sec 
sec h r - f t 2 - ° F 
nL + 2 i e r fc <
n ±J)L 
cTt vat 
f ( t ) Time f ( t ) 
(sec ) 
325 6*75 825 
332 7.00 845 
364 7.25 865 
393 7-50 884 
420 7*75 904 
446 80OO 924 
470 8.25 944 
494 8,50 963 
517 8*75 983 
539 9.00 1002 
561 9»25 1021 
582 9*50 1042 
603 9.75 1062 
624 10.00 1082 
644 10.25 1102 
664 10.50 1122 
685 10*75 1141 
705 11.00 1161 
725 11.25 1180 
745 11.50 1200 
765 11.75 1220 
785 12.00 1239 
805 
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tion (22) obtained. The sum converged to four places with 
values of n = 0, 1, and 2, The terms 
i °° 
k(t)g V T 1 Btu-sec /;,,, 
JZ L [ J hr-ft2-°F K i } 
n=0 
were grouped together at each of the tabulated times, so that 
the slide heat flux at a particular time could be calculated 
by multiplying expression (23) and the appropriate slope G 
in units of °F per second. Values of the function (2 i erfc 
x) are given by Carslaw and Jaeger (57)* 
Alternate Derivation for a Semi-Infinite Solid 
The following derivation for heat flux to a semi-
infinite solid is presented to support the more complex der-
ivation developed earlier in this Appendix. 
Consider a semi-infinite solid initially at uniform 
temperature having a surface temperature at time t = 0 begin-
ning to increase in the manner defined by f(t). The heat 
conduction equation must be satisfied 
i l • n iii 
" a 6x2 
with boundary conditions: 
0 = 0 at t = 0 
9 = f(t) at x = 0 
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where all symbols have the same definition as used in the pre-
ceding development, 
Carslaw and Jaeger (64) give the following solution 
for the temperature profile in a semi-infinite solid having a 
surface temperature that is increasing linearly with time ac-
cording to the relation f(t) = Gt: 
[ 2 2 
(1 + ̂ L.) erfc (-4=) - -T£= exp (- T-2-) 
2at 2̂ at Vnat 4a t 
. (24) 
To facilitate differentiation, these substitutions are made! 
erfc w = 1 - erf w . 
Then M l = [fisl f-
6xlt [6x|t [ 
and from equation (24) 
6w 
Ail = ct 
6xlt ' 2*/St 
£ - (1 + 2w 2 ) ( l - e r f w) - - l w exp (-w2) 
6w [ VVT 
w = - 4 = 
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Ail = -fit. [ (1 + 2w2)[- -4 exp (-w2)1 + 
(1 - erf w)4w - -S- exp (-w2) + -4L w2 exp (-w2) 
Vn vn 
Ail = _££« 4w(l - erf w) - -7- exP (-™2) 
6xlt 2Vat L vn 





and the wall heat flux is given by 
Â's 
_ k Ail = 2kC(t)
? 
6xlx=0,t J^ 
This result agrees with equation (21) in this Appendix for 
the special case of short test times. Because it was devel-
oped by a procedure different from that used for equation 
(19), it comfirms the validity of equation (19)• 
APPENDIX II 
HEAT TRANSFER DATA 
12? 
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Table 3. Data for Nickel Film No. 3 
Power: dc 
Duration of Test J 17.0 sec 
Film Orientation: horizontal 
Location of Failure: middle (at scratch) 
Ambient Temperature: 85°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Dlff. 
(se°) (r2^?) ^i~k?) (^77?) (OF) (OF) 
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290 115 30 
7,350 95 10 
6,570 107 22 
7,200 115 30 
11,700 134 49 
14,900 144 59 
17,400 182 97 
18,800 197 112 
18,100 192 107 
21,800 210 125 
26,000 205 120 
3 0 28 143
40,900 228 143 
45,800 237 152 
52,400 228 143 
59,000 233 148 
66,800 233 148 
70,700 218 133 
75,700 237 152 
80,300 255 170 
88,300 233 148 
92,500 256 171 
100,000 260 175 
112,000 237 152 
116,000 268 183 
121,000 265 180 
133,000 252 167 
144,000 268 183 
125,000 355 270 
•Assumed linear temperature drop through slide. 
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Table 4. Data for Nickel Film No. 4 
Power: dc 
Duration of Testi 22.65 sec 
Film Orientation: horizontal 
Location of Failure: end of film 
Ambient Temperature: 75°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U ,) ( B t U ,) LBt* 0) (°F) (°F) hr ft2 hr ft2 hr ft2 
0.00 -0- -0- -0- _ _ 
1.00 4,090 7,600 -0- 145 70 
2.00 11,000 10,700 300 148 73 
2.50 17,400 12,000 5,4oo 148 73 
3.00 22,800 13,200 9,600 202 127 
3-50 30,000 14,400 15,600 193 118 
4.00 33,100 15,400 17,700 223 148 
4.50 35,300 16,500 18,800 209 134 
5.00 37,200 17,500 19,700 233 158 
5.50 41,200 18,600 22,600 224 149 
6.00 46,900 19,600 27,300 226 151 
6.50 52,800 20,600 32,200 258 183 
7.00 57,600 21,600 36,000 246 171 
7.50 64,700 22,600 42,100 248 173 
8.50 82,900 24,700 58,200 280 205 
9.00 89,000 25,700 63,300 300 225 
9.50 94,600 16,000* 78,600 278 203 
10.00 111,000 14,700 96,300 262 187 
10.50 122,000 13,000 109,000 246 171 
11.00 128,000 15,000 113,000 262 I87 
11.50 136,000 15,000 121,000 269 194 
12.00 149,000 16,000 133,000 282 207 
12.50 154,000 16,000 138,000 274 199 
13.00 166,000 16,000 150,000 278 203 
13.50 174,000 17,000 157,000 292 217 
14.00 190,000 17,000 173,000 292 217 
14.50 197,000 17,000 180,000 293 218 
15.00 203,000 18,000 185,000 304 229 
•Assumed linear temperature drop through slide. 
(Continued) 
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1 8 . 5 0 
19 .00 
1 9 . 5 0 
2 0 . 0 0 
2 0 . 5 0 
2 1 . 0 0 
2 1 . 2 5 
2 1 . 5 0 
21 .75 
2 2 . 0 0 
2 2 . 2 5 
2 2 . 5 0 




















































































































Table 5« Data for Nickel Film No. 5 
Power: dc 
Duration of Test: 22.3 sec 
Film Orientation: horizontal 
Location of Failure: near middle of film 
Ambient Temperature: 72°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U 9) ( B t U 9> ( B t U 9) (°F) (°F) 
hr ft2 hr ft2 hr ft2 
0.00 -0- -0- -0- _ _ 
1.00 435 -0- 435 - -
2.00 3,690 -0- 3,690 90 18 
3.25 18,000 10,400 7,600 90 18 
4.00 33,300 16,400 16,900 155 83 
4.50 39,700 19,400 20,300 183 111 
5.00 50,400 22,000 28,400 215 143 
5.50 58,200 24,400 33,800 234 162 
6.00 68,600 26,600 42,000 249 177 
6.50 82,100 13,600* 68,500 245 173 
7.00 94,300 14,700 79,600 258 186 
7.50 106,000 15,100 90,900 263 191 
8.00 120,000 13,000 107,000 235 163 
8.50 132,000 13,000 119,000 235 163 
9.00 141,000 13,000 128,000 242 170 
9.50 157,000 13,000 144,000 240 168 
10.00 169,000 14,000 155,000 245 173 
10.50 179,000 15,000 164,000 256 184 
11.00 202,000 16,000 186,000 273 201 
11.50 207,000 16,000 191,000 280 208 
12.00 214,000 15,000 199,000 268 I96 
12.50 230,000 17,000 213,000 284 212 
13.00 237,000 16,000 221,000 280 208 
13.50 249,000 18,000 231,000 297 225 
14.00 259,000 17,000 242,000 282 210 
14.50 267,000 16,000 251,000 280 208 
15.00 286,000 18,000 268,000 297 225 
15.50 302,000 17,000 285,000 287 215 
16.00 330,000 17,000 313,000 286 214 
•Assumed linear temperature drop through slide. 
(Continued) 
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Table 5 (Continued). Data for Nickel Film No. 5 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) (-S^i—) ( r 5 ^ ) (-£^i_) (°P) (OF) 






















































Table 6. Data for Nickel Film No. 11 
Power: dc 
Duration of Test: 13^0 sec 
Film Orientation: vertical 
Location of Failure: end 
Ambient Temperature: 75°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U ,) ( B t U 9) < * * * ? > (°F) (°F) 
hr ft2 hr ft2' hr ft2 
0.00 -0- -0- -0- _ _ 
0.50 930 -0- 930 80 5 
1.00 2,600 -0- 2,600 68 -
1.25 4,220 3,3^0 880 78 3 
1.50 6,150 4,750 1,400 78 3 
1.75 7,600 5,810 1,790 90 15 
2.00 9,650 6,710 2,940 103 28 
2.50 14,200 8,220 5,980 110 35 
3.00 19,200 9,490 9,710 109 34 
3.50 26,100 10,600 15,500 127 52 
4.00 33,900 11,700 22,200 143 68 
4.50 40,900 12,700 28,200 165 90 
5.00 47,300 13,600 33,700 172 97 
5.50 50,500 14,600 35,900 183 108 
6.00 59,800 15,500 44,300 197 122 
6.50 66,000 16,400 49,600 208 133 
7.00 77,100 17,300 59,800 215 140 
7.50 89,500 18,200 71,300 217 142 
8.00 100,000 19,100 80,900 224 149 
8.50 116,000 20,000 96,000 235 160 
9.00 126,000 12,000* 114,000 230 155 
9.50 143,000 13,000 130,000 235 160 
10.00 146,000 12,000 134,000 222 147 
10.50 158,000 13,000 145,000 237 162 
11.00 170,000 13,000 157,000 235 160 
11.50 190,000 14,000 176,000 250 175 
12.00 200,000 13,000 187,000 244 169 
12.50 214,000 15,000 199,000 263 188 
13.00 227,000 14,000 213,000 256 181 
•Assumed linear temperature drop through slide. 
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Table 7. Data for Nickel Film No. 12 
Power: dc 
Duration of Test: 18.5 sec 
Film Orientation: vertical 
Location of Failure: end 
Ambient Temperature: 80°F 
Heat Slide Wat ;er Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U 9) ( B t U 9) ( B t U ,) (Op) 
(Op) 
hr ft2' hr ft2' hr ft2' 
0.00 -0- -0- -0- _ _ 
0.50 2,650 -0- 2,650 116 36 
1.00 5, ,650 -0- 5, 650 113 33 
1.50 115 ,200 7,560 3, 640 123 43 
2.00 17, 200 10, 700 6, 500 107 27 
2.50 24, ,800 13, 100 11, 700 121 41 
3.00 33, ,300 15, 100 18, 200 155 75 
3.50 37 ,100 16, ,900 20, 200 173 93 
4.00 41 ,000 18, ,600 22, 400 194 114 
4.50 44 ,000 20, 200 23, ,800 226 146 
5.00 51 ,200 21, ,700 29, 500 216 136 
5.50 55 ,200 23, ,200 32, 000 226 146 
6.00 59 ,300 24, 700 34, 600 262 182 
6.50 66 ,400 14, ,000* 52, 400 258 178 
7.00 75 ,200 13, 200 62, ,000 247 167 
7.50 79 ,100 13, 200 65> 900 247 167 
8.00 87 ,900 13, ,600 74, ,300 252 172 
8.50 96 ,900 12 ,500 84, ,400 238 158 
9.00 104, ,000 12, ,300 91 ,700 236 156 
9.50 112, ,000 12 ,000 100, ,000 229 149 
10.00 120 ,000 12, ,000 108 ,000 226 146 
10.50 137 ,000 13 ,000 124, ,000 238 158 
11.00 146 ,000 12, ,000 134, ,000 234 154 
11.50 155 ,000 12 ,000 143, ,000 229 149 
12.00 166 ,000 12, ,000 154, ,000 232 152 
12.50 176 ,000 13, ,000 163, ,000 238 158 
13.00 188 ,000 13 ,000 175 ,000 244 164 
13.50 197 ,000 14, 000 183 ,000 252 172 
14.00 207, ,000 13, ,000 194, ,000 247 167 
•Assumed linear temperature drop through slide. 
(Continued) 
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Table 7 (Continued). Data for Nickel Film No. 12 
Heat Slide Water Film Temp* 
Time Input Heat Flux Heat Flux Temp. Dlff. 












































Table 8. Data for Nickel Film No. 18 
Power: dc 
Duration of Test: 1.10 sec 
Film Orientation: horizontal 
Location of Failure: near middle of film 
Ambient Temperature: ?5°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec ) ( B t U 9) Ctu, 0) f B t ^ J (°F) (°F) hr ft2 hr ft2 hr ft2 
0.00 -0- -0- -0- _ _ 
0.05 6,900 -0- 6,900 - -
0.10 16,800 -0- 16,800 - -
0.15 38,200 -0- 38,200 75 0 
0.20 58,400 -0- 58,400 87 12 
0.25 78,300 20,300 58,000 87 12 
0.30 102,000 28,700 73,300 92 17 
0.35 134,000 35,200 98,800 137 62 
0.40 160,000 41,000 119,000 157 82 
0.45 187,000 45,000 142,000 180 105 
0.50 210,000 50,000 160,000 205 130 
0.55 247,000 54,000 193,000 216 141 
0.60 264,000 58,000 206,000 228 153 
0.65 307,000 61,000 246,000 234 159 
0.70 344,000 64,000 280,000 252 177 
0.75 381,000 67,000 314,000 255 180 
0.80 413,000 70,000 343,000 261 186 
0.85 435,000 73,000 362,000 270 195 
0.90 460,000 76,000 384,000 280 205 
0.95 482,000 79,000 403,000 298 223 
1.00 498,000 81,000 417,000 297 222 
1.05 523,000 84,000 439,000 315 240 
1.10 539,000 86,000 453,000 340 265 
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Table 9. Data for Nickel Film No. 20 
Power: dc 
Duration of Test: 1.20 sec 
Film Orientation: horizontal 
Location of Failure: end 
Ambient Temperature: 74°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U 9) ( B t U ?) ( B t U 9) (°F) (°F) 
hr ft2 hr ft2 hr ft2 
0.00 -0- -0- -0- _ _ 
0.05 1,580 -0- 1,580 68 -
0.10 6,000 -0- 6,000 137 63 
0.15 12,300 -0- 12,300 95 21 
0.20 20,300 -0- 20,300 85 11 
0.25 28,000 17,300 10,700 93 19 
0.30 37,900 24,400 13,500 103 29 
0.35 51,100 29,900 21,200 112 38 
0.40 69,500 34,600 34,900 127 53 
0.45 87,000 38,500 48,500 143 69 
0.50 106,000 42,400 63,600 157 83 
0.55 126,000 ^5,800 80,200 192 118 
0.60 150,000 49,000 101,000 205 131 
0.65 168,000 52,000 116,000 227 153 
0.70 189,000 55,000 134,000 257 183 
0.75 215,000 57,000 158,000 257 183 
0.80 245,000 60,000 185,000 250 176 
0.85 272,000 62,000 210,000 265 191 
0.90 296,000 65,000 231,000 270 196 
0.95 322,000 67,000 255,000 280 206 
1.00 360,000 69,000 291,000 295 221 
1.05 394,000 71,000 323,000 298 224 
1.10 431,000 73,000 358,000 305 231 
1.15 475,000 75,000 400,000 301 227 
1.20 493,000 77,000 4l6,000 315 241 
1.20 488,000 77,000 411,000 332 258 
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Table 10. Data for Nickel Film No. 22 
Power: dc 
Duration of Test: 0.67 sec 
Film Orientation: horizontal 
Location of Failure: near middle of film 
Ambient Temperature: 68°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U ,) ( B t U 9> 
/ Btu N 
(°P) (°P) 
hr ft2 hr ft2' hr ft2; 
0.00 -0- -0- -0- _ _ 
0.05 10,000 -0- 10,000 68 0 
0.10 25,500 -0- 25,500 70 2 
0.15 60,800 33,800 27,000 93 25 
0.20 98,600 47,700 50,900 133 65 
0.25 145,000 58,400 86,600 160 92 
0.30 193,000 68,000 125,000 203 135 
0.35 252,000 75,000 177,000 243 175 
0.40 325,000 83,000 242,000 250 182 
0.45 395,000 89,000 306,000 268 200 
0.50 467,000 95,000 372,000 283 215 
0.55 505,000 101,000 404,000 299 231 
0.60 539,000 107,000 432,000 312 244 
O.65 565,000 112,000 453,000 325 257 
O.67 558,000 114,000 444,000 344 276 
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Table 11. Data for Nickel Film No. 26 
Power: ac 
Duration of Test: 9»6 sec 
Film Orientation: horizontal 
Location of Failure: end 
Ambient Temperature: 80°F 
Heat Slide Water Film Temp* 
Time Input Heat Flux Heat Flux Tempo Diff. 
(sec) ( Btu J ( Btu J ( B t u ,) (°F) (°F) 
hr ft2 hr ft2 hr ft2 
OoOO -0- -0- -0- _ «, 
0„50 1,040 -0- 1,040 86 6 
1,00 2,660 -0- 2,660 121 41 
1.50 4,480 -0- 4,480 137 57 
2,00 6,700 -0- 6,700 86 6 
2.25 8,450 -0- 8,450 96 16 
2.50 9,220 -0- 9,220 90 10 
2.75 11,100 4,000 7,100 98 18 
3.00 12,700 5,600 7,100 126 46 
3.50 14,800 7,900 6,900 110 30 
4.00 18,400 9,700 8,700 112 32 
4.50 23,300 11,200 12,100 138 58 
5»00 27,900 12,500 15,^00 128 48 
5.50 33,100 13,800 19,300 164 84 
6.00 37,300 15,000 22,300 175 95 
6.25 40,200 15,500 24,700 186 106 
6.50 43,400 16,100 27,300 177 97 
6o?5 45,900 16,700 29,200 184 104 
7.00 49,800 17,200 32,600 203 123 
7.25 52,700 17,700 35,000 202 122 
7.50 56,100 18,300 37,800 212 132 
7-75 58,800 18,800 40,000 216 136 
8.00 60,400 19,000 41,400 229 149 
8.50 66,000 20,000 46,000 235 155 
8.75 69,000 12,000* 57,000 236 156 
9.00 76,400 12,000 64,400 229 1̂ 9 
9.25 79,500 12,000 67,500 233 153 
9.50 83,300 12,000 71,300 232 152 
9.60 84,900 11,000 73,900 223 143 
*Assumed linear temperature drop through slide. 
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Table 12. Data for Nickel Film No. 28 
Power: ac 
Duration of Test; 23<>15 sec 
Film Orientation: horizontal 
Location of Failure: middle 
Ambient Temperature: 72°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp» Dlff 0 
(sec ) (-SSH-) ( - ^ - 0 ) (^77?) (op) (°F) hr ft2 hr ft2' hr ft2 
0.00 -0- -0- -0- _ _ 
1.00 879 -0- 879 - -
1.25 1,670 -0- 1,670 104 32 
1.50 2,710 -0- 2,710 122 50 
1.75 3,760 -0- 3,760 105 33 
2.00 4,960 -0- 4,960 82 10 
2.25 6,660 -0- 6,660 102 30 
2.50 9,140 -0- 9,140 84 12 
2.75 11,400 4,400 7,000 94 22 
3.00 13,400 6,300 7,100 84 12 
3.25 17,400 7,700 9,700 94 22 
3.50 17,900 8,900 9,000 112 40 
3.75 21,800 10,000 11,800 97 25 
4.00 24,400 10,900 13,500 126 54 
4.25 26,600 11,800 14,800 105 33 
4.50 28,600 12,600 16,000 148 76 
4.75 33,700 13,400 20,300 132 60 
5c00 36,800 14,100 22,700 155 83 
5.25 40,400 14,800 25,600 147 75 
5.50 45,400 15,500 29,900 184 112 
5*75 49,800 16,200 33,600 174 102 
6.00 53,600 16,800 36,800 190 118 
6.25 57,800 17,500 40,300 182 110 
6.50 62,000 18,100 43,900 198 126 
6.75 67,600 18,700 48,900 200 128 
7.00 72,400 19,300 53,100 208 136 
7.25 79,800 9,900* 69,900 198 126 
7.50 85,000 9,500 75,500 192 120 
^Assumed linear temperature drop through slide 
(Continued) 
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1 4 2. 
Table 13. Data for Nickel Film No. 30 
Power: half wave dc 
Duration of Test: 3.25 sec 
Film Orientation: horizontal 
Location of Failure: end of film 
Ambient Temperature: ?0°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U 9) ( B t U 9) ( B t U - > (°F) (°F) 
hr ft2y hr ^t? hr ft2 
0.00 -0- -0- -0- _ _ 
0.25 200 -0- 200 77 7 
0.50 1,140 -0- 1,140 - -
0.75 2,380 -0- 2,380 80 10 
1.00 4,000 -0- 4,000 - -
1.25 6,550 -0- 6,550 84 14 
1.50 9,200 -0- 9,200 68 -
1.75 13,200 -0- 13,200 70 0 
2.00 17,100 7,500 9,600 70 0 
2.25 22,200 10,700 11,500 95 25 
2.50 27,500 13,100 14,400 100 30 
2.75 31,900 15,100 16,800 117 47 
3.00 37,200 16,900 20,300 120 50 
3.25 44,400 18,500 25,900 128 58 
3.50 49,600 20,000 29,600 166 96 
3.75 54,700 21,400 33,300 174 104 
'4.00 61,200 22,700 38,500 197 127 
4.25 64,700 23,900 40,800 200 130 
4.50 68,500 25,100 43,400 210 140 
^.75 78,000 10,200* 67,800 200 130 
5*00 87,900 10,000 77,900 197 127 
5.25 100,000 10,700 89,300 206 136 
5.50 108,000 9,300 98,700 188 118 
5.75 117,000 10,000 107,000 196 126 
6.00 128,000 10,000 118,000 192 122 
6.25 135,000 9,000 126,000 188 118 
6.50 147,000 10,000 137,000 192 122 
6.75 159,000 10,000 149,000 202 132 
^Assumed linear temperature drop through slide. 
(Continued) 
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Table 13 (Continued). Data for Nickel Film No. 30 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Dlff. 
( Bt* ) (,Bt" ) (°F) (OF) 








10,000 156,000 197 127 
11,000 167,000 208 138 
12,000 169,000 220 150 
12,000 177,000 226 156 
13,000 187,000 234 164 
14,000 186,000 246 I76 
29,800 13,700 448 378 
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Table l4. Data for Nickel Film No. 32 
Power: dc 
Duration of Test: 6,5 sec 
Film Orientation: vertical 
Location of Failure: end of film 
Ambient Temperature: 80°F 
Heat Slide Water Film Temp* 
Time Input Heat Flux Heat Flux Temp. Dlff. 
(sec) < - ^ - ~ ) c-S^r?) ( ^ - ) (Op) (Op) 
hr ft2; hr ft27 hr ft2y 
0.00 -0- -0- -0- _ ~ 
0.50 331 -0- 331 115 35 
0.75 6,840 12,200 -0- 125 45 
1.00 17,900 17,300 600 120 40 
1.25 31,400 21,200 10,200 140 60 
1.50 43,400 24,500 18,900 158 78 
1.75 59,700 27,400 32,300 180 100 
2.00 70,300 30,000 40,300 202 122 
2.25 92,800 32,400 60,400 233 153 
2.50 117,000 34,700 82,300 244 164 
2.75 146,000 13,000* 133,000 246 166 
3.00 167,000 14,000 153,000 253 173 
3.25 186,000 14,000 172,000 256 176 
3.50 208,000 14,000 194,000 259 179 
3.75 231,000 13,000 218,000 248 168 
4.00 250,000 14,000 236,000 256 176 
4.25 267,000 14,000 253,000 264 184 
4.50 288,000 14,000 274,000 259 179 
4.75 314,000 14,000 300,000 264 184 
5.00 347,000 14,000 333,000 264 184 
5.25 372,000 15,000 357,000 272 192 
5.50 410,000 15,000 395,000 274 194 
5-75 443,000 15,000 428,000 274 194 
6.00 472,000 16,000 456,000 282 202 
6.25 509,000 16,000 493,000 278 198 
6.50 534,000 16,000 518,000 278 198 
6.50 486,000 22,000 464,000 362 282 
^Assumed linear temperature drop through slide. 
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Table 15. Data for Nickel Film No. 34 
Power: ac 
Duration of Test: 1.12 sec 
Film Orientation: horizontal 
Location of Failure: middle 
Ambient Temperature: 75°F 
Heat Slide Water Film Temp. 
Time Input Heat Flux Heat Flux Temp. Diff. 
(sec) ( B t U ,) ( B t U 9) LBt* P) (°P) (°F) hr ft2' hr ft2 hr ft2 
0.00 -0- -0- -0- _ _ 
0.05 746 -0- 746 85 10 
0.10 2,130 -0- 2,130 74 -
0.15 5,o4o -0- 5,040 - -
0.20 8,540 -0- 8,540 75 0 
0.25 14,700 -0- 14,700 - -
0.30 23,600 -0- 23,600 90 15 
0.35 36,300 -0- 36,300 68 -
0.40 47,000 20,000 27,000 92 17 
0.45 63,400 28,100 35,300 78 3 
0.50 88,800 34,500 54,300 104 29 
0.55 119,000 39,900 79,100 133 58 
0.60 142,000 44,400 97,600 141 66 
0.65 172,000 49,000 123,000 173 98 
0.70 209,000 53,000 156,000 209 134 
0.75 229,000 56,000 173,000 224 149 
0.80 254,000 60,000 194,000 227 152 
0.85 273,000 63,000 210,000 242 167 
0.90 309,000 66,000 243,000 253 178 
0.95 340,000 69,000 271,000 270 195 
1.00 363,000 71,000 292,000 261 186 
1.05 401,000 74,000 327,000 274 199 
1.10 435,000 77,000 358,000 287 212 
1.12 466,000 78,000 388,000 296 221 
1.12 259,000 78,000 181,000 436 361 
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APPENDIX III 
PLOTS OF HEAT TRANSFER DATA 
14? 


































o °o ° o o o 




D D L 




















H 2 cti 
I 
o1«U 
10 15 20 
t - t i m e - s ec 
25 30 
llll 1 1 
1 
L-
0 " e g 0 
r- 0 (P 
[— o 0 
1— o o 
[— o 
u o 0 H- o 





P a_L _Q_ 1 L_ 1 
100 200 300 
Tf - film temperature 
^00 500 
- op 
Figure 32. Heat Flux and Film Temperature Curves for Nickel 
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F i g u r e 3 3 . Heat F lux and Fi lm T e m p e r a t u r e Curves f o r N i c k e l 
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Figure 3*K Heat Flux and Film Temperature Curves for Nickel 
Film No. 5 in Subcooled Water Pool Boiling. 
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Figure 35• Heat Flux and Film Temperature Curves for Nickel 
Film No. 11 in Subcooled Water Pool Boiling. 
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Figure 36. Heat Flux and Film Temperature Curves for Nickel 
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Figure 37. Heat Flux and Film Temperature Curves for Nickel 
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Figure 38. Heat Flux and Film Temperature Curves for Nickel 
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Figure 39. Heat Flux and Film Temperature Curves for Nickel 
Film No. 22 In Subcooled Water Pool Boiling. 
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Figure bo. Heat Flux and Film Temperature Curves for Nickel 
Film No. 26 in Subcooled Water Pool Boiling. 
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Figure 4l. Heat Flux and Film Temperature Curves for Nickel 
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Figure ^2. Heat Flux and Film Temperature Curves for Nickel 
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Figure ^3. Heat Flux and Film Temperature Curves for Nickel 
Film No. 32 In Subcooled Water Pool Boiling. 
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Figure 44. Heat Flux and Film Temperature Curves for Nickel 
Film No. 34 In Subcooled Water Pool Boiling. 
160 
APPENDIX IV 
DATA FOR FILM THICKNESS UNIFORMITY STUDIES 



















Af Aoo Af/Aoo Af/Aoo 
Average 












































































































































Af AQO Af/A.. Af/Aoo 
Average 


























































































































Table 18. X-ray Fluorescence Calibration Data for Nickel Uniformity Film No. 3 
Sample Weight Sample Film Average Film Blank 
Number Before Area Weight Thick- Peak Peak 
Plating ness Area Area 
A f/Ae Af/Aoo 
Average 
























.83200 3.312 .00058 


























































































































Af " 0 0 Af/Aoo Af/Aoo 
Average 


























































































































Table 20. Film Thicknesses as a Function of Position 
for Nickel Uniformity Films 
Substrate Thicknesses 
(X) 
Position Film Film Film Film Theoretical 
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